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Abstract
The free-living nematode, Caenorhabditis elegans, has approximately 20, 000 protein 
coding genes. A large proportion of these (-60%) encode proteins with no known 
homologues except in other nematodes. Further, many of these genes encode proteins 
with no known function. Based on RNA interference (RNAi) data available for C. 
elegans, it is clear that a number of these genes have important functions in the biology 
of the nematode. The functional characterisation of these unknown, nematode-specific 
genes, will lead to a greater understanding of basic nematode biology, and may lead to 
the identification of new molecular targets for the control of parasitic nematodes.
This thesis describes an initial bioinformatic screen undertaken to identify a group of 
nematode-specific proteins with essential functions. Fifteen proteins were identified. 
The RNAi phenotypes of these fifteen proteins were assessed to confirm published 
RNAi data and determine what broad biological process or processes each protein was 
involved in. From this group, two genes were chosen for further analysis based on their 
predicted involvement in molting and cuticle formation, two processes essential for the 
development of nematodes.
The first gene, ZC328.1, encodes a predicted protein with four transmembrane regions.
Functional analysis of this gene has revealed a protein involved in the formation and
function of the cuticle, a tough extra cellular matrix (ECM) that surrounds and protects
the nematode. A reduction in ZC328.1 transcript levels by RNAi affects all aspects of
cuticle function, including permeability and morphology. In addition, ZC328.1 mRNA
is transcribed in the epithelia of the nematode where it appears to be closely associated
with the cuticle. Within the epithelia, the temporal pattern of transcription of ZC328.1
matches the cyclical nature of molting and cuticle formation. The results of yeast two-
6
hybrid analyses suggest that ZC328.1 may act to mediate the fusion of vesicles or 
vesicle-like structures carrying ECM components to the apical membrane of epithelia 
during the process of cuticle formation. In addition, it may have a more structural role, 
where it acts to stabilise the apical membrane, thereby allowing correct cuticle 
formation to occur.
The second gene, C38C6.6, I propose be re-named mlt-12 (MoLTing defective), due to 
its essential role in development and molting. A reduction in mlt-12 transcript levels by 
RNAi results in animals that arrest development and eventually die. Many of those that 
arrest were found encased in previous cuticle. In addition, I have shown that mlt-12 
mRNA is transcribed predominantly in the hypodermis where the protein seems to be 
secreted to the cuticle. Here its loss appears to alter the otherwise highly ordered 
assembly of the cuticle, leading to inability of proteases or other enzymes to degrade 
cuticular components at the molt, mlt-12 is also transcribed in the nervous system and 
the vulval muscles. This implies that MLT-12 may carry out other, as yet unknown, 
functions during development.
The use of C. elegans as an experimental system during this study has enabled the 
characterisation of at least two nematode-specific proteins that were previously of 
unknown function. Characterisation of these proteins has provided insights into the 
essential processes of nematode cuticle formation and molting, and serves as a basis for 
further assessment of the precise functions of these proteins and others involved in these 
processes.
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1.1 General introduction
The free-living nematode, Caenorhabditis elegans, was the first multi-cellular 
organism to have its genome completely sequenced and annotated (Consortium 1998). 
A comparison of current EST and sequencing information with other organisms has 
revealed a large proportion of the C. elegans genome (~60% of its 20 000 genes) to 
have no clear homologues except in other nematodes (Blaxter et al. 1998; Parkinson et 
al. 2004). Several of these nematode-specific genes have been functionally identified by 
genetic analyses, and many (~34%) form families with other nematode genes (Blaxter 
1998). Assessing the functions of those remaining genes should provide a greater 
understanding of basic nematode biology and may reveal promising targets for 
therapeutic development against parasitic nematodes of economic and medical 
importance. The aim of the research presented in this thesis was to identify a number of 
essential nematode-specific genes and elucidate the roles of two of these proteins during 
the development of the free-living nematode, Caenorhabditis elegans.
1.2 Characteristics of nematodes
Nematodes are bilaterally symmetrical roundworms. They inhabit a range of 
terrestrial, aquatic and marine environments, existing as free-living soil microbivores 
and parasites of plants and animals. The parasitic forms result in substantial health, 
economic and ecological impacts. Significant human parasites include the intestinal 
roundworm, Ascaris lumbricoides, the hookworms Ancylostoma duodenale and Necator 
americanus, and the filarial worms Wuchereria bancrofti and Brugia malayi. These 
parasites cause substantial morbidity in approximately half of the world’s population 
(Horton 2003). Similarly, the animal gastrointestinal nematodes Ostertagia ostertagi 
and Haemonchus contortus, and the plant parasites, of which Meloidogyne species are
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the most damaging, result in major economic loss world wide (McLeod 1995; Chitwood 
2003). Control of parasitic nematodes in animals has been hampered by the 
development and spread of resistance to the anthelmintic compounds used to treat 
infections (Sangster and Gill 1999; Jackson and Coop 2000). Thus, there is a need for 
the development of new therapeutics. Understanding how parasitic species have evolved 
to deal with host nutritional limitations and immune attack, and what key aspects of 
development and metabolism they have retained from their free-living ancestors, will 
undoubtedly reveal potential targets to combat parasitic diseases.
The phylum Nematoda can be divided into five major taxonomic groups or clades, 
based on small subunit ribosomal RNA sequences (Figure 1.1) (Blaxter et al. 1998; 
Parkinson et al. 2004). Most clades contain both free-living and parasitic species, 
suggesting that parasitism arose independently more than once. Despite the fact that 
nematode species inhabit diverse habitats, they are anatomically and developmentally 
similar. The general nematode body plan consists of two concentric tubes separated by a 
cavity called the pseudocoelom (Wood 1988). The inner tube consists of the intestine, 
and the outer tube consists of the cuticle, hypodermis, musculature and nervous system. 
In the adult stages, the pseudoceolom contains the reproductive organs. As in other 
metazoans, the embryonic soma is divided into ectoderm, mesoderm and endoderm 
(Wood 1988). In addition, the post-embryonic development of all nematode species 
follows a similar pattern. Nematodes develop through five post-embryonic stages 
separated by a molt, which permits rapid growth. Molting, however, is not considered 
essential for growth, as nematodes continue to increase in size between molts and after 
the final molt. The process of molting in nematodes and other Ecdysozoans is thought 
to have evolved to allow different developmental stages of a species greater flexibility 
to adapt to changing environmental conditions (Bird and Bird 1991). Post-embryonic
14
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Figure 1.1 Nematode phylogeny based on small subunit (SSU) ribosomal RNA (rRNA) 
sequences (Blaxter et al., 1998). This analysis distinguishes the Nematoda into five clades (I -  
V), with a number of host species (icons). The proportion of each species’ genome that has 
significant similarity to the complete proteome of C. elegans, is shown. Similarity is considered 
significant with a Blastx expect value of 10"5 to 10'6 (Figure from Parkinson et al., 2004).
stages can generally be distinguished by their different size and cuticle morphology, as 
the cuticle is shed and resynthesised at each molt.
Much of what we know about the molecular and developmental biology of nematodes 
stems from studies using C. elegans. It is a genetically tractable organism, offering a 
range of techniques allowing rapid and efficient assessment of gene function that are not 
yet available or well established in other nematodes. Due to these advantages, C. 
elegans has been used as a heterologous expression system for the study of parasite 
gene function (Kwa et al. 1995; Burglin et al. 1998; Britton et al. 1999; Hashmi et al. 
2001; Krause et al. 2001; Redmond et al. 2001; Kampkotter et al. 2003). As stated 
previously, C. elegans was the first metazoan and nematode to have its genome fully 
sequenced and annotated (Consortium 1998). With the expansion of genomic 
information available for many nematode species, the use of comparative genomics has 
become a more powerful approach. Apart from C. elegans, we now have a fully 
sequenced genome for C. briggsae and the medically important filarial parasite, B 
malayi (Stein et al. 2003; Ghedin et al. 2004). Additional sequencing projects are under 
way and a large number of EST clones already exist for many other species (Table 1.1). 
In recent years, research groups have exploited this information in an attempt to define 
those genes that are unique to nematodes and genes that are potentially involved in 
parasitism (Sonnhammer and Durbin 1997; Hashmi et al. 2001; Parkinson et al. 2004; 
Thomas 2006). These genes fall into four main groups. The first contains genes that do 
have homologs in other organisms but have yet to be revealed by sequencing; the 
second contains genes that have evolved at such a rate as to render any homology 
undetectable; the third contains genes that are specific to nematodes; and the last group 
contains genes that are unique only to a specific lineage and its closest relatives. This 
group is likely to include genes involved in parasite-specific processes (Blaxter 1998). It
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Table 1.1. Summary of current EST and genome information for nematode species other than 
those with completed genome sequences (information current as of July 2006).___________
Species Number of ESTs Number of clusters (putative genes)
A n c y lo s to m a  ca n in u m 9146 4262
A n c y lo s to m a  d u o d e n a le Pending N.D.
A n c y lo s to m a  c e y la n icu m 10551 3496
A sc a r is  lu m b r ic o id e s 1910 892
A sc a r is  su u m 39041 6628
C a e n o rh a b d itis  re m a n e i Pending N.D.
C a e n o rh a b d itis  ja p o n ic a Pending N.D.
C a e n o rh a b d itis  n. sp. PB2801 Pending N.D.
D iro fila r ia  im m itis 3762 1821
G lob  o d e r  a  p a ll id a 3900 2685
G lo b o d e ra  ro s tro c h ie n s is 5926 2870
H a e m o n c h u s  c o n to r tu s 22249 5797
H e te ro d e ra  g ly c in e s 24140 10566
H e te r  o d e r  a s c h a c h t ii 2785 1370
H e te ro rh a b d itis  b a c te r io p h o ra Pending N.D.
L ito m o so id e s  s ig m o d o n  t is 2699 1631
M e lo id o g y n e  a re n a r ia 4944 2719
M e lo id o g y n e  c h itw o o d i 11938 4250
M e lo id o g y n e  h a p la 23940 8102
M e lo id o g y n e  in co g n ita 19406 6513
M e lo id o g y n e  ja v a n ic a 7274 3531
M e lo id o g y n e  p a ra n a e n s is 3638 1636
N e c a to r  a m e ric a n u s 4820 2298
N ip p o s tro n g y lu s  b ras ilien s is 1250 750
O ste r ta g ia  o s te r ta g i 6749 2374
O n c h o c e rc a  vo lvu lu s 14786 5102
O n c h o cerca  o ch e n g i )4922 N.D.
P ra ty le n c h u s  p e n e tra n s 1908 408
P ra ty le n c h u s  vu ln u s 2457 857
P r is tio n c h u s  p a d  fic u s 12013 4589
P a ra s tro n g y lo id e s  tr ic h o su r i 7749 3120
R a d o p h o lu s  s i  m il is 1097 597
S tro n g y lo id e s  ra tti 14113 3960
S trongy’lo id e s  s t  e r  c o ra l is 11365 3707
T o xo ca ra  ca n  is 4791 1537
T e lo d o rsa g ia  c irc u m c in c ta 4379 1670
T ric h u ris  m u ris 2714 1322
T rich u ris  tr ic h iu ra Pending N.D.
T rich u ris  v u lp is 2959 1258
T ric h in e lla  sp ira lis 10467 3747
W u c h erer ia  b a n c ro fti 4871 2222
X ip h in e m a  in d ex 9283 4591
Z e ld ia  p u n c ta ta 390 210
EST information was obtained from Nembase
(www.nematodes.org/nematodeESTs/nembase.htmh and the Genome Sequencing Center
(www.genome.wustl.edu), which have several EST and genome projects underway or pending. 
N.D. not done.
is the genes within the third class, however, that are of greatest interest, and the focus of 
this study, as many are likely to be involved in processes essential to the development 
and survival of nematodes in general. Genes within this group are likely to encode 
proteins that have evolved to carry out nematode-specific functions, or proteins that 
contain structural similarities to proteins in other organisms, which allows them to carry 
out similar molecular roles.
The value of using C. elegans to elucidate the functions of nematode genes may depend 
on the evolutionary relationship shared between C. elegans and other nematode species. 
C. elegans is a Rhabditid nematode within clade V, which includes important human 
and animal parasites belonging to the Strongylida (Figure 1.1). It is believed that C. 
elegans biology will be more relevant to the nematode species within clade V compared 
with nematodes in more distantly related clades, for example B. malayi in clade III. A 
limited amount of research, however, has been conducted to directly compare aspects of 
C. elegans biology to similar processes in other nematodes (reviewed in (Gilleard 
2004)). The relevance of C. elegans to these more distantly related nematodes should 
not be discounted, as for example, ~35% of B. malayi proteins share significant 
similarity to C. elegans proteins, indicating common biological processes (Parkinson et 
al. 2004). It is clear that C. elegans biology can provide a relevant and solid foundation 
for future research into nematode-specific genes. The following sections will focus on 
aspects of nematode-specific gene function and the tools available to study them with a 
focus on C. elegans.
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1.3 Nematode-specific genes and processes
1.3.1. Nematode-specific genes
Many of the genes involved in general aspects of nematode development and 
survival encode proteins that are members of large families, some of which are 
nematode-specific (Parkinson et al. 2004). One of the largest groups (>200 members) 
includes the olfactory serpentine receptors, which are seven transmembrane G-protein 
coupled receptors (GPCRs) (Troemel et al. 1995). Within C. elegans, there are five 
divergent families of GPCRs, which are named sra, srb, srd, sre and srg (Troemel et al. 
1995). Other families that include nematode-specific genes are the nuclear hormone 
receptors, transthyretin-like proteins, secreted allergens, and those termed “nematode 
specific protein” (nsp) families (Spence et al. 1993; Sonnharnmer and Durbin 1997; 
Sluder and Maina 2001; Parkinson et al. 2004; Thomas 2006). The extent of gene 
families containing nematode-specific genes is certainly greater than those mentioned 
here and will become apparent with an increase in sequencing information. Other 
nematode-specific genes do not fall within family classifications and can be considered 
orphan genes or those of unknown function/s. The possible biological roles of these 
genes will be discussed in the next section.
1.3.2 Biological roles of nematode-specific genes
Nematode-specific genes are likely to be involved in diverse biological 
functions. For example, several nuclear receptors that are not nematode-specific, are 
involved in a variety of physiological processes such as sex determination, molting, 
developmental timing, diapause, lifespan and fat metabolism (Antebi et al. 1998; Carmi 
et al. 1998; Kostrouchova et al. 2001; Silhankova et al. 2004; Van Gilst et al. 2005). 
DAF-12 (dauer defective) is one of the most well studied receptors. It integrates signals 
from insulin/IGF and TGF-ß signalling pathways to mediate either reproductive
17
development or arrest at the dauer diapuase (Antebi et al. 1998). The dauer is an 
alternative, long-lived life-stage of C. elegans (Figure 1.2). The nuclear receptor NHR- 
49 is involved in fat storage, metabolism and lifespan (Van Gilst et al. 2005). 
Knockdown in expression of nhr-49 using RNA interference (RNAi) results in worms 
with abnormally high fat content and longer life span (Van Gilst et al. 2005).
Some members of the large family of serpentine receptors are involved in a number of 
olfactory processes. C. elegans is able to respond to chemicals produced by the bacteria 
that they eat as well as to other odorants (reviewed in (Bargmann and Mori 1997). The 
most well studied serpentine receptor is ODR-10, which is a receptor for diacetyl, and is 
expressed in a sensory neuron that mediates attraction to volatile chemicals (Sengupta et 
al. 1996). C. elegans also produce pheromones, which contribute to mating behaviour 
between males and hermaphrodites as well as the developmental decision to arrest as 
dauers (reviewed in Riddle, 1997). Several serpentine receptors are exclusively 
expressed in chemosensory neurons, others have general neural expression, and a few 
are expressed in a male-specific manner. This reflects the diverse functions of GPCRs 
(Troemel et al. 1995).
Like the nuclear receptor family, the precise function of many “orphan” serpentine 
receptors remains elusive. Many do not display a detectable RNAi phenotype during 
genome-wide screens and therefore have not been studied in any detail. A failure to 
observe an RNAi phenotype could be due to either functional redundancy within the 
families or the ineffectiveness of RNAi in neurons (Tavemarakis et al. 2000; Johnson et 
al. 2005), where several of these genes are known to be expressed (Miyabayashi et al. 
1999), or a combination of these factors. Further, many of these receptors are predicted
18
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Figure 1.2 Schematic of the C. elegans life cycle at 22°C. C. elegans develops through four 
larval stages (L I -  L4) before becoming reproductive adults. The life cycle (egg to adult) can 
occur in ~ 3 days at 22°C. During unfavourable environmental conditions, C. elegans develops 
into a long-lived, alternative life stage, called the dauer. (Figure from www.wormatlas.org).
to function in behavioural responses and hence specific assays are required to detect a 
phenotype.
Some nematode-specific genes encode proteins involved in biological processes 
common to all metazoans. An example of this is myotactin, which is a novel 
hypodermal protein involved in muscle-cell adhesion in C. elegans (Hresko et al. 1999). 
Attachment of the muscle to the hypodermis (epithelia) in C. elegans is facilitated by 
adhesion structures called fibrous organelles (FOs), which are morphologically similar 
to vertebrate hemidesmosomes (Figure 1.3) (Francis and Waterston 1991). Myotactin 
helps maintain and strengthen the association of the muscle to the FOs. There is 
evidence that it may play an analogous role to the vertebrate hemidesmosome- 
associated protein, BP 180. This protein shares no sequence similarity with myotactin, 
but a mutation in the vertebrate gene results in a phenotype similar to the nematode 
mutant, where there is an apparent weakening of the connection between the 
hemidesmosome and the anchoring filaments (McGrath et al. 1995; Hresko et al. 1999).
One of the genes identified by the screen described in Chapter 3, mitr-1 (F36A2.7), is 
another example of a nematode-specific gene with an essential role in a biological 
process common to all metazoans. Disruption of MITR-1 by RNAi results in worms 
that are slow to develop, have difficulty laying eggs, and are long-lived. It has since 
been found to encode a protein that localises to the mitochondria and is involved in 
energy metabolism, possibly by interacting with components of the pyruvate 
dehydrogenase complex (Johnson et al., unpublished data).
As stated previously, it is expected that several of the proteins encoded by nematode- 
specific genes will be structurally similar to metazoan proteins and hence function in a
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Figure 1.3 Schematic representation of the connections between epidermal cells and 
muscle cells and their anatomical position though a transverse section. Myotactin is part of 
the basal substructure in fibrous organelles (FOs), which help anchor the hypodermis 
(epidermis) to the muscle sarcomere. The apical substructure of FOs is composed of MUP-4 
and MUA-3, which are involved in anchoring the cuticle to the hypodermis and muscle. 
Intermediate filaments (IFs) connect both substructures. Scale bar 300nm (Figure from Michaux 
et al., 2001).
similar molecular fashion, like myotactin, or, like mitr-1, may have evolved to act as an 
adaptor or accessory protein in a biological process common to all metazoans. Further, 
many will be involved in processes unique1 to the phylum Nematoda. Two 
developmental processes that are not found in vertebrates are formation of the cuticle 
and molting. These processes will be discussed in more detail.
1.3.2(i) Cuticle formation
The C. elegans cuticle is a tough extracellular matrix (ECM) composed 
primarily of cross-linked collagens and non-collagenous cuticulins (Johnstone 1994; 
Kramer 1997; Johnstone 2000). It is important for providing body form to the worm and 
protecting it from the external environment. Nematode locomotion requires force to be 
transmitted from the body wall muscles, through the hypodermis to the cuticle (Francis 
and Waterston 1991; Hresko et al. 1999).
The cuticle is synthesised and secreted by underlying epithelial cells, predominantly the 
hypodermis and seam cells, but also by specialised epithelial cells that line openings to 
the environment in the pharynx, vulva, anus and excretory pore (Figure 1.4). The cuticle 
is synthesised during embryogenesis and resynthesised at each of the four larval molts.
The surface of the cuticle has circumferentially-orientated furrows (Cox et al. 1981). 
The ridges that lie between each furrow are called annuli, which are thought to provide 
elasticity, allowing the cuticle to bend and move (Figure 1.5) (Kramer 1997). Tri-
laminar longitudinal ridges, termed alae, interrupt the annuli of LI, dauer and adult 
cuticles. The form of the alae is also stage-specific (Cox et al. 1981). Laser ablation of 
the underlying seam cells results in interruptions to the overlying alae, indicating that
1 For the purpose of this study, a process was considered ‘unique’ to nematodes if it did 
not occur in vertebrates.
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Figure 1.4 Schematic representation through a C. elegans adult. The hypodermis (hyp) 
surrounds the body of the worm and is responsible for secretion of the cuticle. The seam cells 
are specialised hypodermal cells responsible for secreting the lateral alae. Hyp, hypodermis 
(Figure from www.wormatlas.org).
basal 
lamina
Muscle
sarcomere
IDENTIFIED
COMPONENTS
glycoproteins
lipids
cuticulins
"collagens
fluid-filled space 
collagen strut 
oriented collagen 
fibrils of FI 
-collagens
TRANSVERSE
LONGITUDINAL (Adapted from Blaxter and Robertson. 1998)
Figure 1.5 Schematic representation of cuticle substructures in the adult. The surface o f the 
cuticle has circumferentially oriented furrows; with the ridges between the furrows are called 
annuli. It is composed o f 5 distinct substructures: the surface coat (Sc), which contains 
glycoproteins; the epicuticle (Ep), which contains proteins and lipids; the cortical (Co) layer, 
which is predominantly collagen and cuticulin; the medial (Md) layer, which has collagenous 
struts; and the basal (Bs) layer, which contains collagen fibrils. Hyp, hypodermis. (Figure from 
www.wormatlas.org).
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Figure 1.6 Schematic representation of cuticle substructures at different larval stages. The
adult cuticle is the only stage with a medial zone. The dauer cuticle has a thick, highly striated 
basal zone. The L4 and LI cuticle differ only in the composition o f their basal zones. (Figure 
from www.wormatlas.org).
the seam cells are responsible for the formation of the alae (Singh and Sulston 1978). At 
hatching, there are two rows of ten seam cells on either side of the worm. At the 
beginning of each larval stage, seam cells undergo division where the posterior daughter 
cell of each seam division becomes a seam cell and re-forms cell-cell contact with its 
neighbouring cell, while the anterior daughter cell becomes detached and fuses with the 
hypodermal syncytium, hyp 7 (Podbilewicz and White 1994). During the molt to 
adulthood, the seam cells fuse completely to form a multinucleate syncytium 
(Podbilewicz and White 1994).
The structure of the adult cuticle is the most extensively characterised compared to the 
other larval stages. It is organised into five main layers: the surface coat (sc), the 
epicuticle (ep), and the cortical (co), medial (md) and basal (bs) zones (Figure 1.5) (Cox 
et al. 1981). The surface coat is composed of carbohydrates and mucin-like proteins 
(Zuckerman et al. 1979), while the epicuticle contains cross-linked non-collagenous 
proteins and lipids (Lee 2002). The cortical, medial and basal zones are primarily 
composed of cross-linked collagens and cuticulins, particularly in the cortical layer (Lee 
2002). Collagenous struts traverse the medial zone and connect the cortical and basal 
layers (Figure 1.5).
The cuticle substructure is distinct at each larval stage (Cox et al. 1981). While all larval 
cuticles contain a surface coat, epicuticle, cortical and basal zones, only the adult cuticle 
contains a medial zone with struts (Figure 1.6). The dauer stage cuticle contains dauer- 
specific striations and collagen (Singh and Sulston 1978; Cox et al. 1981). Larval 
cuticles differ in the thickness of each layer, particularly in the basal zone, where 
collagens can be in either a striated or fibril layer.
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The first cuticle is formed at the time of embryo elongation. Circumferentially oriented 
actin filament bundles (AFBs) form at the apical surface of hypodermal cells, where 
they form ridges and furrows in an overlying lipid structure called the embryonic sheath 
(Priess and Hirsh 1986). Formation of furrows in the embryonic sheath is coincident 
with AFB formation. These furrows are thought to act as a template for cuticle 
patterning as they also coincide with annular furrow formation on the cuticle surface 
(Figure 1.7) (Costa et al. 1997). During subsequent molts, an entirely new cuticle is 
synthesised beneath the old one in a process thought to be similar to that in the embryo. 
AFBs form prior to each molt, and disappear soon after completion of the molt (Costa et 
al. 1997).
Consistent with the cyclical nature of the molting process, synthesis of cuticular 
components is high prior to molting and low between molts (Johnstone and Barry 
1996). Further, not all components are synthesised at each molt. Synthesis of the 
cuticular collagen genes dpy-7 and dpy-13 peaks at approximately four and two hours 
prior to each molt respectively (Johnstone and Barry 1996), whereas col-19 is only 
synthesised prior to the L4 to adult molt (Lui et al. 1995). It is thought that co-temporal 
regulation of collagens and cuticle components reflects their incorporation into the same 
cuticle substructure or complex (Cox et al. 1981; Cox et al. 1981; Johnstone and Barry 
1996; McMahon et al. 2003).
1.3.2(H) Molting
Molting occurs in a number of co-ordinated steps. As discussed above, synthesis 
of cuticle components occurs underneath the old cuticle. The seam cells, and to a lesser 
extent the hypodermal cells, accumulate large Golgi bodies and vesicles containing 
densely packed material. This is consistent with high levels of protein synthesis (Singh 
and Sulston 1978). The old cuticle detaches in a process known as apolysis and the new
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Sheath ridge
Furrow
Figure 1.7 Schematic representation of the apical surface of hypodermal cells in the 
developing embryo. All images represent longitudinal sections through the hypodermal cells 
(dark structure). (A) Sheath (dotted line) formation over the hypodermal membrane. Sheath 
furrows are coincident with actin filament bundle (AFB) formation (white circles). (B) As 
embryogenesis progresses, the sheath cells take on a trilaminar appearance. (C) Structure of the 
embryo cuticle prior to hatching. Cuticle furrow formation corresponds to the original position 
of the sheath furrows. Bs, basal layer; Co, cortical layer. (Figure adapted from Costa et al., 
1997).
cuticle is assembled between the old cuticle and the hypodermis. This coincides with 
the period of inactivity where locomotion and pharyngeal pumping cease, called 
lethargus (Singh and Sulston 1978). Refractile granules are secreted by the pharyngeal 
gland cell, which is thought to play a role in loosening the pharyngeal cuticle. Finally, 
the worm escapes from the old cuticle in a process known as ecdysis (Singh and Sulston 
1978). The worm rotates back and forth on its longitudinal axis to loosen the body 
cuticle and remove the cuticle expelled from the pharynx, and begins to break out of the 
old cuticle by forward thrusts (Singh and Sulston 1978).
In other animals that undergo ecdysis, such as arthropods (Aguinaldo et al. 1997), 
molting is under endocrine and neuroendocrine control. In insects, molting is initiated 
by the steroid hormone 20-hydroxyecdysone, which combines with a nuclear hormone 
receptor complex, ecdysone receptor (EcR) and ultraspiracle (USP), to regulate 
secretion of the new cuticle and physiological changes necessary for the next stage 
(Riddiford and Truman 1978; Riddiford 1993). Release of the neuropeptide, eclosion 
hormone (EH) (Truman and Copenhaver 1989), in addition to decreasing levels of 
ecdysone at the end of each larval stage, leads to release of ecdysis triggering hormone 
(ETH) by epitracheal glands (Zitnan et al. 1996). This promotes a behavioural sequence 
culminating in ecdysis (Zitnan et al. 1999).
C. elegans is not able to synthesise ecdysteroids (Chitwood and Feldlaufer 1990), 
although exogenous application of 20-hydroxyecdysone at high levels stimulates 
molting (Schmid et al. 1987). Homologues of EcR and USP have not been found in the 
complete genome sequence of C. elegans (Sluder et al. 1999). Several lines of evidence, 
however, implicate steroid hormones during the molting process. Dietary sterol in the 
form of cholesterol is required for development, reproduction and molting (Hieb and
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Rothstein 1968; Yochem et al. 1999; Shim et al. 2002; Merris et al. 2003). C. elegans 
propagated on cholesterol-depleted media arrest development in the second generation 
with many failing to complete the molting process (Yochem et al. 1999). The megalin- 
related low-density lipoprotein receptor, LRP-1, and the sterol modifying enzyme, LET- 
757, are also required for molting. LRP-1 is expressed in the hypodermis and is thought 
to endocytose exogenous sterol (Yochem et al. 1999). Loss of function mutations in 
both genes result in worms that are unable to complete the molting process (Yochem et 
al. 1999; Kuervers et al. 2003). By far the most compelling evidence for the existence 
of a steroid-responsive molting pathway is the requirement for NHR-23 and NHR-25, 
which are orthologous respectively to Drosophila DHR3 and Ftz-Fl (Kostrouchova et 
al. 1998; Asahina et al. 2000; Gissendanner and Sluder 2000; Kostrouchova et al. 2001; 
Silhankova et al. 2004). DHR3 is an orphan nuclear receptor essential for the larval- 
prepupal transition, which is regulated by the ecdysone-induced dimerisation of EcR 
and USP (Koelle et al. 1992). Once activated, it acts as a transcriptional activator of 
Ftz-Fl, another nuclear receptor (White et al. 1997). While a similar epistatic 
relationship has not been described for NHR-23 and NHR-25 (Kostrouchova et al. 
2001), it appears that both are essential for molting in C. elegans and suggests insect 
and nematodes have parallel signalling pathways governing molting that are regulated 
by different hormonal cues.
Further evidence that a hormonal cue initiates nematode molting comes from studies in 
the parasitic nematode, Phocanema decipiens. During the final molt, neurons in the 
ventral ganglia become active, secreting an unidentified hormone (Davey 1976). This 
leads to transcription of downstream genes and release of enzymes that are secreted 
between the new and old cuticle, contributing to ecdysis (Davey 1976). Studies in 
another nematode, Aphelenchus avenae, suggest that the site of production or release of
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a hormonal cue is in the anterior portion of the nematode, as artificial ligatures can be 
used to restrict molting to the anterior (Davies and Fisher 1994). Consistent with 
production of an anterior signal, RNAi of C. elegans nas-37, which encodes an astacin- 
like metalloprotease, resulted in worms failing to complete the molting process with old 
cuticle often forming a natural ligature around the worm (Frand et al. 2005). When nas- 
3 7 was knocked down in a transgenic strain expressing GFP to another gene involved in 
molting {mit-10), fluorescence was seen exclusively on the anterior side of the ligature. 
This suggests that the regulation of this gene, and possibly other molting-related genes, 
is under the control of a diffusible signal produced in the anterior of the worm (Frand et 
al. 2005).
A recent genome-wide RNAi screen has revealed a large number of genes essential for 
molting in C. elegans (Frand et al. 2005). These genes include those discussed above, 
but also transmembrane proteins, secreted enzymes, structural components of the 
cuticle, and several nematode-specific genes. Some, such as nhr-23, have been shown to 
regulate gene expression during the molting cycle, while others encode signalling 
molecules that are likely to regulate the multicellular processes of molting, such as 
tissue remodelling (Frand et al. 2005). How these pathways are regulated remains to be 
determined.
1.4 Functional analysis of nematode-specific genes using C. elegans
The utility of C. elegans compared with other free-living and parasitic 
nematodes is that it provides a suitable system for rapid and efficient assessment of 
gene function. It is a genetically tractable model, being of relatively small size (~lmm 
in length), producing lots of progeny (~300) with a short generation time (~3 days). It is 
transparent and feeds primarily on bacteria, allowing easy maintenance under laboratory 
conditions (Figure 1.8) (Wood 1988). There is a complete physical and genetic map of
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Figure 1.8 Nomarski micrographs showing the major anatomical features of the C. elegans 
hermaphrodite (A) and male (B). Apart from being morphologically distinct, the 
hermaphrodite (A) has two gonadal arms that form a symmetrical U-shape and are joined by a 
common uterus. Germ cells move from the distal gonad towards the spermatheca where they are 
fertilised and passed into the uterus to develop. Males (B) contain a U-shaped testis that meets 
the vas deferens approximately mid-body. The copulatory bursa is a specialised structure 
composed of nine sensory rays (finger-like projections) that are embedded in a cuticular fan and 
used during mating to locate the vulva. The spicules are also part of the copulatory bursa. They 
are a pair of prong-like projections that are used to probe for the vulva opening and hold the 
vulva open during ejaculation. Scale bar 50pm.
the 959 somatic cells of the adult hermaphrodite and the 1031 somatic cells of the adult 
male (Wood 1988). Furthermore, with a fully sequenced genome and suite of functional 
techniques and genomic tools, it provides an ideal model for studying a range of 
developmental and cellular processes that are common within the Nematoda.
1.4.1 Comparative genomics
The comparison of complete genome sequences between species of appropriate 
evolutionary distances can help biologists determine the relationships between the 
species and learn about the functions of genes. This kind of analysis can help to refine 
and confirm gene predictions, identify conserved residues in genes and regulatory 
elements, and help define potential nematode-specific genes. C. elegans was the first 
metazoan to have its genome fully sequenced and annotated (Consortium 1998). Its 
genome is estimated to be lOOMbp in size, comprising six chromosomes and encodes 
approximately 20,000 proteins. The genome of a second Caenorhabditis species, C. 
briggsae, has now been sequenced. C. briggsae is also a free-living species and 
diverged from C. elegans approximately 100 million years ago. It has a genome of 
approximately the same size (104Mbp), with extensive conservation of gene 
arrangement (synteny) and operon structure (Stein et al. 2003). There is a high level of 
amino acid identity between orthologs (~80%), with only ~5% of predicted C. briggsae 
protein-coding genes having no detectable homology in C. elegans. The number and 
size of protein families are generally conserved between the two species. Some, 
however, like the chemosensory receptors, have expanded in one species, with C. 
elegans having almost twice as many members as C. briggsae (Stein et al. 2003). 
Comparison of the two genomes has also allowed the identification of putative 
regulatory elements in non-coding DNA (Kent and Zahler 2000; Stein et al. 2003). The 
filarial nematode, Brugia malayi, a parasitic nematode of humans, was the third 
nematode to have a fully sequenced genome (Ghedin et al. 2004). Although assembly
26
and annotation of the genome is not complete, B. malayi is estimated to have a genome 
size of between 85 to 95 Mbp, with approximately the same number of protein-coding 
genes (Ghedin et al. 2004). A comparison of genomes shows weak synteny between B. 
malayi and C. elegans. Further, -42% of B. malayi predicted proteins have no 
detectable homologs in C. elegans.
In addition to genomic sequencing, nematode EST projects have generated a large 
number of ESTs from 32 nematode species, corresponding to over 100,000 individual 
clusters (putative genes) (www.nematodes.org/nematodeESTs/nembase.htmn. A 
comparison of each species’ EST clusters with predicted proteins for fully sequenced 
genomes and other organisms, reveals that the proportion of nematode-specific proteins 
varies widely from 20 to 70% (Parkinson et al. 2004). Approximately 50% of predicted 
proteins in each nematode species shares significant similarity to C. elegans proteins 
(Figure 1.1). Analysis of domains within these proteins reveals clade-specific and 
parasite-specific domains, such as the ShK metridin-like toxin domain (IPR003582), 
which is highly represented in proteins from the Strongyloidea and may function in 
host-parasite interactions (Daub et al. 2000), and the transthyretin-like domain 
(IPR001534), which is present within all species and may reflect a need for hormonal 
signalling. These may demonstrate the ecological niches of particular species. As more 
sequence information becomes available, comparative analysis will contribute to a 
greater understanding of basic nematode biology and how different species have 
adapted to occupy many niches.
1.4.2 Functional analysis by RNAi
RNAi was first described in C. elegans (Fire et al. 1998) and subsequently 
found to be similar to post-transcriptional gene silencing in plants (Smith et al. 2000) 
and “quelling” in fungi (Selker 1997). It involves the introduction into a cell or
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organism of dsRNA that is homologous to an endogenous mRNA (Figure 1.9). This can 
result in a potent and specific knockdown of the homologous mRNA throughout the 
worm (systemic RNAi), which may lead to a partial or total loss-of-function phenotype. 
This phenomenon has now been observed in most eukaryotes that have been examined 
(Ngo et al. 1998; Tuschl et al. 1999; McManus and Sharp 2002; Skelly et al. 2003).
In C. elegans, dsRNA can be introduced by several methods. The original method of 
delivery was to microinject the dsRNA directly into the intestines or gonad of the adult 
hermaphrodite (Gonczy et al. 2000; Sonnichsen et al. 2005). Although this method is 
labour intensive and allows screening of only a small number of worms, the RNAi 
effect is reported to be more reliable than with other delivery methods (Hunter 1999), 
such as feeding worms on bacteria engineered to express the dsRNA (Fire et al. 1998; 
Timmons and Fire 1998; Timmons et al. 2001) or soaking them in in vitro synthesised 
dsRNA (Maeda et al. 2001). Both the soaking and feeding methods have been used 
successfully to screen the C. elegans genome for loss-of-function phenotypes (Ashrafi 
et al. 2002; Maeda et al 2001; Bargmann et al 2001; Kamath et al 2003; Frand et al 
2005; Fraser et al 2000; Gonczy et al. 2000; Piano et al. 2000}. All these methods are 
effective in inducing RNAi in non-neuronal tissues of the late larval and adult stage 
hermaphrodites, but have decreased effectiveness in the nervous system (Timmons et al. 
2001). This phenomenon is believed to be due to the inability of the dsRNA to 
effectively cross neuronal membranes (Kamath et al. 2000; Tavemarakis et al. 2000; 
Timmons et al. 2001). Consistent with this, the putative dsRNA transporter SID-1, 
required for systemic RNAi, is absent from almost all neurons (Winston et al. 2002). 
Additionally, the effects of RNAi in C. elegans are not stably inherited (Tabara et al. 
1998) for most genes (Vastenhouw et al. 2006). To circumvent these limitations, 
hairpin dsRNA from transgenes carrying back to back copies of gene-specific sequences
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Figure 1.9 A model for the molecular mechanisms involved in RNAi. The first step of the 
pathway involves the cleaving of exogenous dsRNA into small interfering RNAs (siRNAs) by 
the RNase III endonuclease, DICER. These siRNAs can: 1. Act as a primer for further synthesis 
of siRNAs through the action of an RNA-dependent RNA polymerase (RdRP), thereby 
amplifying the RNAi effect; and 2. Form a complex with the RNA Induced Silencing Complex 
(RISC) and direct it to the homologous host mRNA, resulting in site-specific cleavage of the 
mRNA, and further degradation by exonuclease activity. (Figure from Plasterk, 2002).
can be expressed in vivo (Figure 1.10) (Tavernarakis et al. 2000; Johnson et al. 2005). 
Expression of these transgenes may be driven by any promoter and can result in loss-of- 
function phenotypes comparable with those of null mutants. Expression of dsRNA in 
vivo allows for the production of stable lines of worms deficient for specific gene 
activities, which can be easily maintained and induced at any life-stage. A new cloning 
system, pWormgate2, allows for efficient and high-throughput production of hairpin 
dsRNA (Figure 1.11) (Johnson et al. 2005). This system, together with a microparticle 
bombardment transformation system (Praitis et al. 2001; Berezikov et al. 2004), to be 
discussed in further detail below, makes large-scale screens of neurally expressed genes 
more feasible compared with other available technologies.
RNAi techniques are not well developed in nematodes other than C. elegans. RNAi was 
first reported in the parasitic nematodes Nippostrongylus brasiliensis, Heterodera 
glycines and Globodera pallida (Hussein et al. 2002; Urwin et al. 2002). N. brasiliensis 
is a gastrointestinal parasite of rats. Adult nematodes were recovered from the jejunum 
of rats and soaked overnight in dsRNA targeted to secreted acetylcholinesterases 
(AChE) (Hussein et al. 2002). Using this method, a 90% reduction in AChE mRNA 
resulted when using small RNAi triggers (240bp), with larger triggers (1700bp) 
resulting in an 80% reduction. This reduction in transcript level persisted over several 
days, however no obvious change in phenotype was observed (Hussein et al. 2002). 
Soaking has also been used to knock down the expression of several target genes in the 
plant parasitic nematodes, H. glycines, G. pallida (Urwin et al. 2002) and Meloidogyne 
artiellia (Fanelli et al. 2005), the human filarial parasites Brugia malayi (Aboobaker 
and Blaxter 2003) and Onchocerca volvulus (Lustigman et al. 2004), the sheep 
gastrointestinal parasites Trichostrongylus colubriformis (Issa et al. 2005) and 
Haemonchus contortus (Kotze and Bagnall 2006), the rat filarial parasite Litomosoides
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Figure 1.10 Schematic representation of a DNA construct used for in vivo expression of 
hairpin dsRNA. A fragment of the target gene is cloned in the sense and antisense direction 
separated by an intron (spacer DNA). Upon induction of the heat-shock promoter, the dsRNA is 
transcribed as a hairpin. (Figure from Johnson, 2000).
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Figure 1.11 The pWormgate2 cloning system. This system takes advantage of site-specific 
recombination using att sites (Hartley et al., 2000) and the commercially available ORFeome 
clones, which are a set of cloned C. elegans open-reading frames (ORFs) (Reboul et al., 2003). 
The ORF or cDNA of choice is inserted into pWormgate2 in opposite orientations due to the 
inverted order of the recombination sites (Johnson et al., 2005). The hairpin RNAi construct is 
used to create transgenic C. elegans using microparticle bombardment (biolistics), allowing 
selection of transgenics by unc-119 complementation. Expression of the hairpin dsRNA is 
induced upon heat-shock. (Figure from Johnson et al., 2005)
sigmodontis (Pfarr et al. 2006), and the pig parasite, Ascaris suum (Islam et al. 2005). In 
most cases, the authors demonstrated a reduction in target transcript levels that persisted 
over several days, as well as detectable changes in phenotype. In contrast to these 
results, Geldhof and colleagues (2006) attempted to target a number of genes, including 
some of the same targets used above, in H. contortus by the soaking method. They 
found minimal reduction in target mRNA levels for two out of eleven genes, with no 
obvious changes in phenotype (Geldhof et al. 2006).
The use of other methods of dsRNA delivery in parasitic nematodes has only been 
reported recently. In addition to the soaking method, Issa and colleagues (2005) 
assessed delivery of dsRNA by bacterial feeding and electroporation of T. colubriformis 
larvae. When feeding T. colubriformis larvae with dsRNA, a phenotypic effect was seen 
when targeting tropomyosin but not ubiquitin. This was contrary to effects seen when 
soaking larvae in ubiquitin dsRNA. While longer sequences did not elicit an RNAi 
effect, the use of short interfering RNAs (siRNA) did. Geldhof and colleagues (2006) 
also attempted electroporation of H. contortus larvae, with variable results (Geldhof et 
al. 2006). They found clear decreases in transcript levels for only two target mRNAs, 
and only a minor decrease for one target mRNA. The authors also reported a high 
mortality rate among H. contortus larvae electroshocked using the same settings 
reported by Issa and colleagues, which may reflect a species-specific sensitivity to 
electroporation.
Some of the cellular mechanisms involved in the RNAi effect are evolutionarily 
conserved among the nematodes. Homologues of several genes involved in RNAi, such 
as der-1 and rrf-3, have been found in the B. malayi genome and the partially sequenced 
genome of H. contortus (Saunders et al., unpublished). In contrast, homologues of
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genes involved in siRNA production, such as rde-4, and systemic RNAi, for example, 
sid-2, have not been found (Geldhof et al. 2006). While this may simply reflect 
incomplete sequencing information, it may indicate that some aspects of the RNAi 
pathway may vary between species. Consistent with this, a survey conducted in several 
Caenorhabditis species revealed that some species appeared to be RNAi-resistant when 
dsRNA was delivered by feeding and/or soaking, but not when it was delivered by 
microinjection (Montgomery, M.K., pers. comm.).
Promising results with soaking and electroporation indicate that large-scale screening of 
nematode genes may be possible in nematodes other than C. elegans. The findings so 
far, however, suggest that the mode of delivery will need to be optimised for species 
and target. Differences in RNAi effectiveness among species may limit the capacity of 
broad screens, as targets that are highly susceptible to RNAi in C. elegans may be 
refractory in nematodes of interest. It would be useful to conduct parallel studies of 
nematode gene function using RNAi in C. elegans as well as the target organism where 
possible.
1.4.3 Expression profiling and transgenesis
The ability to introduce foreign DNA into a cell or organism is a powerful 
experimental approach. It allows the characterisation of gene function by rescuing 
mutations, assessing the spatial and temporal expression patterns of genes and their 
promoters, and overexpressing or inappropriately expressing gene products.
Microinjection of DNA was first carried out in C. elegans over two decades ago 
(Kimble et al. 1982). DNA injected into the syncytial gonad can be inherited as an 
extrachromosomal array (Stinchcomb et al. 1985). Transmission of extrachromosomal 
arrays to successive generations is dependent on array size and copy number (Mello and
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Fire 1995). The presence of high copy number arrays can lead to overexpression of the 
transgene, mosaicism (Stinchcomb et al. 1985) and even silencing of the transgene after 
a few generations (Kelly and Fire 1998). Generation of low-copy number arrays and 
integration of DNA into the genome was first achieved by injection directly into the 
nucleus of the developing oocyte (Fire 1986). While injection into nuclei is extremely 
challenging, microinjection into the gonad of C. elegans has been optimised such that it 
is now a common technique used in many C. elegans labs (Mello et al. 1991).
An alternative to microinjection, which is still technically demanding and incompatible 
with large-scale analysis, is microparticle bombardment (Praitis et al. 2001; Berezikov 
et al. 2004). This technique involves coating the DNA transgene onto the surface of 
gold particles, which are then shot into worms at high speed under helium pressure. 
This results in a significant proportion of low copy-number integrated transgenic lines 
(Praitis et al. 2001). While the efficiency of bombardment is relatively low, large 
numbers of worms can be shot at any one time and a strong selection marker {unc-l 19) 
allows rapid identification of transgenic worms (Praitis et al. 2001). This technology, in 
addition to the Gateway recombination cloning system (Hartley et al. 2000), has 
facilitated the fusion of -6000 promoters to GFP (“Promoterome”) (Dupuy et al. 2004) 
each of which has been used to transform C. elegans (Dupuy et al. 2004; Hope et al. 
2004). This provides a resource allowing the analysis of the temporal and spatial 
expression of genes in a genome-wide context.
Genetic transformation of nematodes other than C. elegans is still in its infancy. 
Exogenous DNA has been introduced into a number of parasitic species by 
microinjection and microparticle bombardment (Hashmi et al. 1995; Davis et al. 1999; 
Jackstadt et al. 1999; Higazi et al. 2002; Lok and Massey 2002; Shu et al. 2003; Higazi
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and Unnasch 2004). While these methods have been used successfully to study the 
promoter elements of genes (Shu et al. 2003) and trans splicing in vivo (Higazi and 
Unnasch 2004), most have reported only transient expression of the reporter gene at the 
site of delivery. The first reports of heritable transformation came from studies using the 
entomopathogenic nematode Heterorhabditis bacteriophora (Hashmi et al. 1995). DNA 
microinjected into the gonads of adult hermaphrodites yielded 6-7% of transformed 
progeny. Similar transformation efficiencies have been achieved more recently in the 
intestinal parasite, Strongyloides stercoralis, where ~5% of progeny inherited the 
injected transgene (Li et al. 2006), and in the possum parasite, Parastrongyloides 
trichosuri (Grant et al. 2006). P. trichosuri is unusual in that it can be maintained 
indefinitely in a free-living life cycle (Grant et al. 2006). In the latter case, the authors 
were able to demonstrate heritable transformation in both the free-living and parasitic 
stages. In addition, the authors were able to passage the transgenic worms through their 
mammalian host (Grant et al. 2006). In all studies, however, the transgenes were 
inherited as extrachromosomal arrays, which in some cases were lost over successive 
generations (Hashmi et al. 1995; Grant et al. 2006; Li et al. 2006).
Because it can be maintained indefinitely outside the host, P. trichosuri is an excellent 
model for optimisation of transformation. If stably integrated transgenics can be 
obtained, this will allow the study of parasite-specific biology that is not represented in 
C. elegans. Technical limitations in other species such as the inability to propagate large 
numbers of worms, produce stable transgenics, and the lack of reliable selection 
markers, need to be addressed before genetic transformation of parasitic nematodes can 
be used routinely. Until then, C. elegans will continue to be exploited as a heterologous 
expression system to study the function of promoters and genes from parasitic 
nematodes.
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Until now, C. elegans has primarily been used to express H. contortus proteins and 
promoters, perhaps due to their relatively close evolutionary relationship between the 
two species within the Strongylida (Kwa et al. 1995; Britton et al. 1999; Krause et al. 
2001; Redmond et al. 2001; Couthier et al 2004). Kwa and colleagues (1995) 
expressed ß-tubulin genes of benzimidazole resistant and susceptible H. contortus in C. 
elegans to study the mechanisms of resistance (Kwa et al. 1995). Redmond and 
colleagues (2001) expressed H. contortus pepsinogen in C. elegans (Redmond et al. 
2001). These studies demonstrate that C. elegans splices and modifies these parasite 
proteins correctly. The spatial and temporal expression of parasite promoters has also 
been studied using C. elegans. Britton and colleagues (1999) showed that, while C. 
elegans is able to correctly express H. contortus and Ostertagia circumcincta promoters 
in the correct tissues, the timing of expression was different from that of the 
endogenous parasite genes (Britton et al. 1999). This suggests that parts of the 
regulatory mechanisms involved in temporal expression are not conserved between the 
species. The regulation of several promoters of the more distantly related filarial 
nematodes has also been studied in C. elegans. In one study, results indicate that spatial 
and temporal regulation is not as tightly conserved as has been shown between the 
Strongylid nematodes. Gomez-Escobar and colleagues (2002) found that expression of 
promoters from two highly expressed transcripts in the infective larvae of B. malayi 
were not recapitulated in C. elegans (Gomez-Escobar et al. 2002). Further, Krause and 
colleagues (2001) showed that expression of Onchocerca volvulus glutathione S- 
transferases occurred in the same tissues of C. elegans, but also in additional tissues 
(Krause et al. 2001). In contrast, Winter and colleagues (2003) were able to replicate the 
expression of the B. malayi phy-1 promoter in the hypodermis of C. elegans (Winter et 
al. 2003). These results suggest that some regulatory elements are conserved between C.
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elegans and more distantly related nematodes, but that conservation may be promoter- 
dependent.
In addition to methods described above, nematode genes can be used to rescue C. 
elegans mutant phenotypes (Kwa et al. 1995) and RNAi phenotypes (Britton and 
Murray 2002), or overexpressed (Kampkotter et al. 2003), much in the same way as C. 
elegans genes are studied. The ease with which C. elegans can be utilised as a 
heterologous expression system offers an alternative approach in the study of gene 
function of other nematodes.
1.4.4 Interaction screens
The complete genome sequence of C. elegans has facilitated the study of protein 
function at close to the whole genome scale. High-throughput yeast-two hybrid analysis 
has been used to map the complex regulatory networks formed through protein-protein 
interactions (Walhout et al. 2000; Walhout and Vidal 2001; Li et al. 2004; Vidalain et 
al. 2004). In C. elegans, protein-protein interactions have been mapped for ~10% of the 
genome. Over 4000 potential interactions have been identified (Li et al. 2004). This has 
provided insight into the possible biological roles of thousands of functionally 
uncharacterised genes. Mapping of protein-protein interactions for the remaining C. 
elegans genome is under way. Integration of this information with results of other 
genome-scale projects, such as phenotypic data from large-scale RNAi screens and the 
GFP expression profiles for each gene mentioned previously, will lead to better 
informed biological hypotheses.
With the completion of the B. malayi genome (Ghedin et al. 2004) it is now possible to 
screen for the interactions among proteins of parasite and the human host. Secreted and 
transmembrane parasite proteins can be cloned using Gateway recombination cloning
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(Hartley et al. 2000), as has been done in C. elegans (Reboul et al 2003; Dupuy et al. 
2004) and humans (Rual et al. 2004) and used to probe the current set of human 
Gateway-cloned open reading frames (Rual et al. 2004; Rual et al. 2005). Such an 
approach will also be possible with the proteins of other human and worm parasites 
where genomes are available, for example, the H. contortus genome is nearing 
completion, as are the genomes of two of its mammalian hosts, bovines 
(www.hgsc.bcm.tmc.edu) and sheep (funded through the International Sheep Genomics 
Consortium).
1.5 Research objectives
The information from nematode sequencing projects reveals a large number of 
protein-coding genes that have no identifiable homologues outside of the Nematoda. 
Assessing the functions of these genes should provide a greater understanding of basic 
nematode biology and may reveal promising targets for therapeutic development against 
parasitic nematodes of economic and medical importance. The specific aims of this 
study were to:
1) Select a number of C. elegans genes that appear to be nematode-specific 
and appear to be essential, based on RNAi phenotypes, such as motility 
defects and/or lethality [Chapter 3], and;
2) To characterise a subset of these genes in detail [Chapter 4 and 5].
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Chapter 2
Materials and Methods
37
2.1 Materials
2.1.1 Solutions and Buffers
All solutions and buffers used are listed in Appendix A.
2.1.2 C. elegans stocks and maintenance
C. elegans culture methods were as described (Brenner 1973). The C. elegans 
strains Bristol N2 wild-type, rrf-3(pkl426), JR1000 ced-1 (el 735)1; unc-119(ed4)III; 
wls78 (SCM::gfp), him-8(el489)lV, daf-2(el370), daf-7(el 372), NL2808 pxf- 
l(pk!331), GR1321 tph-l(mg280)II and BC11902 (col-129::gfp) were obtained from 
the C. elegans Genetics Centre (CGC) (University of Minnesota, U.S.A.). The strain 
DA465 eat-2(ad465)II was kindly provided by Dr Nick Johnson and was originally 
obtained from the CGC. The strain BC13431 (nas-39::gfp) was kindly provided by Dr 
David Lee (Simon Fraser University, Canada). The strain TP 12 (col-19::gfp) was a gift 
from Dr Antony Page (University of Glasgow, Scotland), the strain FZ223 (dlg-l::gfp) 
was a gift from Dr Michel Labouesse (The Institute of Genetics and Molecular and 
Cellular Biology, France) and the strain bxEx97 Ex[unc-27::gfp + pha-l(+)] was a gift 
from Dr Scott Emmons (Albert Einstein College of Medicine, Yeshiva University, New 
York).
2.1.3 C. elegans yeast two-hybrid libraries
The C. elegans AD-wrmcDNA cDNA library and the AD-ORFeome 1.0 library 
(generated by pooling all —11, 000 cloned ORFs from the ORFeome resource (Reboul 
et al. 2003)) were kindly provided by Dr Jean-Francis Rual (The Dana-Farber Cancer 
Institute, Harvard Medical School, USA).
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2.1.4 DNA vectors and plasmids
pGEM-Teasy (Promega) was the DNA vector used to clone the majority of PCR 
products.
pL4440 and pLT61 RNA interference (RNAi) feeding vectors were obtained from 
Andrew Fire’s RNAi vector kits. The pCB19 RNAi vector was provided by Dr Flavia 
Pellerone (The School of Biochemistry & Molecular Biology, The Australian National 
University).
The Gateway vectors pDONR(P4-PlR), pENTRY-CFP, pENTRY-YFP, pDEST-DD03 
and pDEST-DD04 used to generate reporter fusion constructs were kindly provided by 
Dr Denis Dupuy (The Dana-Farber Cancer Institute, Harvard Medical School, USA).
ORFeome clones and the Gateway vectors pDONR223, pDEST-DB and pDEST-AD- 
CYH2, used to generate yeast two-hybrid constructs were kindly provided by Dr Jean- 
Fran9ois Rual (The Dana-Farber Cancer Institute, Harvard Medical School, USA).
RNAi vectors were purchased from Geneservice, UK and cosmid DNA was kindly 
provided by The Wellcome Trust Sanger Institute, UK.
2.1.5 Microarray slides
Long oligomer-based spotted microarrays were purchased from the Genome 
Sequencing Centre, Washington University, St. Louis, USA.
2.1.6 RNA preparation kit
MegaScript™ T7 in vitro RNA transcription kit was from Ambion.
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2.2 Methods
2.2.1 Bioinformatic analysis
2.2. l(i) Identification of “nematode-specific” genes
Candidate genes that appeared to be nematode-specific were initially identified 
using a keyword search for “nematode-specific” and “Caenorhabditis” in two 
databases: NEMBASE and NCBI, which contain collections of publicly available 
nematode and non-nematode ESTs and sequence information from GenBank 
respectively (http ://nema. cap, ed .ac. uk/nematodeE ST s/nembase .html:
www.ncbi.nlm.nih.gov). Additional candidates were identified from searching the 
supplementary data available from a large-scale RNAi screen of the C. elegans genome 
in which the authors conducted homology searches of proteins that provided phenotypes 
against humans, yeast, Arabidopsis thaliana, Drosophila melanogaster, and C. elegans 
(Kamath et al. 2003).
The specificity of candidate genes was confirmed by conducting homology searches 
using BLAST (Basic Local Alignment Search Tool) through NCBI and the European 
Bioinformatics Institute (EBI) (www.ebi.ac.uk/blast2), which contains a collection of 
parasitic nematode sequences. Proteins (WormPep v9) that displayed tBLASTn (protein 
query vs translated query) expect values (e) greater than 10'5 to organisms other than 
nematodes were disregarded. From this list, genes that displayed RNAi phenotypes 
affecting fertility, viability and motility were selected (www.wormbase.org).
2.2.1(H) Protein analysis
A number of web-based resources were used to analyse the proteins of interest 
(Table 2.1).
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Table 2.1 Tools used to analyse main protein features
P r o g r a m C o m m e n t U R L
In terP ro S ca n A l lo w s  th e  q u ery  s e q u e n c e  to  b e  s e a r c h e d  
a g a in s t  th e  In terP ro  d a ta b a se , w h ic h  c o n ta in s  
k n o w n  prote in  f a m ilie s ,  d o m a in s  and  
fu n c t io n a l s ite s
w w w .e b i.a c .u k /I n te r P r o S c a n
S ig n a lP  3 .0  
S e r v er
P re d ic ts  th e  p r e se n c e  and lo c a t io n  o f  s ig n a l  
p e p tid e  c le a v a g e  s ite s
w w w .c b s .d tu .d k /s e r v ic e s /S ie n a lP
P S O R T  w w w  
S e r v er
P re d ic ts  p r o te in -so r tin g  s ig n a ls  and
lo c a lisa t io n  s ite s
h tto ://p so r t.n  ib b .a c . ip /
S ca n  P ro s ite T o o l  to  a n a ly se  p ro te in  m o t ifs h ttD ://c a .e x D a sv .o r e /to o ls /s c n p s ite .h tm l
T M H M M P r e d ic tio n  o f  tr a n sm e m b r a n e  d o m a in s w w w .c b s .d tu .d k /s e r v ic e s /T M H M M -
2 .0 /
2.2.2 Polymerase Chain Reaction (PCR)
PCR primers were designed and checked using Primer3 software 
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). For general PCR, reactions 
were carried out in a volume of 50pl and contained: lOx PCR buffer (Invitrogen), 2.5mM 
MgCi2, 25nM each of dATP, dTTP, dCTP and dGTP, lOOpmol of forward and reverse 
primers, 2.5U Taq DNA polymerase, 0.5pg template DNA and milliQ water. PCR was 
performed in a Biometra T3 Thermocycler.
PCR colony screens were generally performed in 20pl volumes using the 
following PCR cycle: 94°C 5 min, (94°C 45 sec, 52°C 30 sec, 72°C 2 min) x 25 cycles, 
72°C 7 min.
2.2.3 Reverse-Transcriptase PCR (RT-PCR)
RT-PCR was carried out on total RNA [Section 2.2.5] using the Superscript™ 
One-Step RT-PCR system as per manufacturer’s instructions (Invitrogen).
2.2.4 General cloning techniques
2.2.4(i) DNA endonuclease restriction enzyme digests
Digests were performed in a reaction volume of no less than 20pl. Reactions 
contained lx enzyme buffer (Promega), 1 mg/ml BSA and 1U of restriction enzyme 
(Promega). Reactions were incubated at 37°C for no less than 1 hour and DNA products
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electrophoresed in 1% -  2% agarose gels, stained with ethidium bromide and visualised 
under UV light.
2.2.4(H) DNA purification from agarose gels
DNA bands were purified from agarose gels using the QIAquick purification kit 
(QIAGEN) or the Wizard Purification System (Promega). DNA fragments were excised 
from agarose gels, dissolved by heating at 50°C and then purified using a spin column 
following the manufacturer’s instructions.
2.2.4 (iii) Dephosphorylation of DNA vector
Standard dephosphorylations were carried out using Shrimp Alkaline Phosphatase 
(SAP; New England Biolabs). SAP (lU /pg DNA) was incubated with restriction-digested 
vector (restriction enzyme and buffer removed using a Qiagen QIAquick purification kit) 
at 37°C for 15 minutes in IX SAP reaction buffer in a final volume of 30-50pl. SAP was 
then heat inactivated for 15 minutes at 65°C.
2.2.4(iv) Ligation of DNA into plasmids
Ligation reactions were performed in a total reaction volume of lOpl incubated at 
4°C overnight. The reactions contained: DNA insert and dephosphorylated DNA vector in 
a 3:1 concentration ratio, lx T4 DNA ligase buffer, 0.4U T4 DNA ligase enzyme (New 
England Biolabs).
2.2.4(v) Site-specific recombination using Gateway® technology
Recombination reactions were performed in a total reaction volume of 15 pi and 
incubated overnight at 25°C. For recombination of attB with attP sites, BP Clonase™ 
was used in a reaction containing 2pi enzyme mix, 30 -  300ng of a/tB-PCR product, 
150ng/pl of DONR vector and IX reaction buffer. For recombination of attL with attR  
sites, LR CLonase™ was used in a reaction containing 2pl of enzyme mix, 50 -  150ng 
of Entry clone, 150ng/pl of Destination vector and IX reaction buffer.
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2.2.4(vi) Preparation of electrocompetent E. coli cells
Electroporation with high voltage is one of the most efficient methods to 
introduce foreign DNA into bacterial cells. A single E. coli colony was inoculated into 5 
ml starter culture of LB medium and incubated overnight at 37°C with shaking at 
200rpm. Half of this starter culture was inoculated into 500ml LB medium and grown at 
37°C 200rpm to an A b s^  value of ~0.5-0.6. Bacterial cells were chilled for 10-15 min 
on ice and centrifuged for 20 min at 4200rpm in a Sorvall RC-5B Refrigerated 
Superspeed Centrifuge using a GSA rotor. Cells were kept at ~2°C for all subsequent 
steps. The supernatant was aspirated off, the pellet resuspended in sterile milliQ water 
and the centrifugation was repeated. The supernatant was immediately aspirated off, the 
pellet was resuspended in sterile milliQ water and centrifuged again. Finally, the 
bacterial cells were re-suspended in 10% glycerol, centrifuged at 4200 rpm for 10 min 
and pipetted into 40pl aliquots and snap frozen in liquid nitrogen.
2.2.4(vii) Plasmid transformation of E. coli by electroporation
Either lpl of products from a ligation reaction or 0.5pl of circularized plasmid was 
combined on ice with 40pl of electrocompetent E. coli cells (either DH5a strain for 
general cloning or HT115 (DE3) strain for RNA interference feeding experiments). Cells 
were electroporated in an electro-cuvette using a BioRad Gene Pulser set at 2.5V, 
200ohms resistance and 250pFD capacitance. 1ml LB broth was immediately added to the 
cells, which were then incubated at 37°C, 200rpm for 1 hour. Transformed cells were 
selected on LB plates supplemented with the appropriate antibiotic and for blue/white 
selection, plates were supplemented with 100pg/ml ampicillin, 200pM IPTG and 40pg/ml 
X-gal.
2.2.5 RNA isolation using TriZol Reagent
Approximately a 1:2 ratio of frozen worms to TriZol reagent (Invitrogen) was
added to frozen worm pellets for RNA extraction. Samples were vortexed at room
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temperature until the pellet defrosted. Three freeze/thaw cycles were performed by snap 
freezing the sample in liquid nitrogen and thawing at 37°C, followed by six cycles of 
vortexing for 30 sec and placing samples on ice for 30 sec. Samples were allowed to 
stand at room temperature for 5 min, after which samples were transferred to two 2 ml 
tubes and centrifuged at 14 000 x g at 4°C for 10 minutes. The aqueous phase was 
transferred to a fresh tube and 200 pi of chloroform added. Samples were inverted and 
vortexed for 15 sec, and incubated at room temperature for 2 min. Samples were 
centrifuged as described above for 15 min to separate phases. After centrifugation, the 
aqueous (upper) phase was transferred to a fresh tube and 500 pi of isopropanol added. 
Samples were then mixed by inversion, vortexed, and incubated at room temperature for 
10 min to precipitate RNA. After incubation, samples were centrifuged as above for 10 
min. The supernatant was discarded and the pellet washed with 1 ml of 75% ice-cold 
ethanol diluted in DEPC-dPbO, vortexed and centrifuged at 14 000 x g for 5 min at 4°C. 
The supernatant was discarded and the samples spun briefly at room temperature to 
remove residual ethanol. Pellets were air dried for 10 mins and re-suspended in 25-50 pi 
of DEPC-dEbO. Samples were heated at 60°C until pellet re-suspended (mix 
intermittently) before being stored at -80°C.
2.2.6 In vitro transcription of RNA
2.2.6(i) Preparation ofDNA template
DNA templates were amplified by PCR in lOOpl total reaction volumes in 
duplicate, using the following PCR cycle: 95°C 5 min, (95°C 20 sec, 54°C 30 sec, 72°C 1 
min) x 40, 72°C 7 min. The reactions were electrophoresed in a 1% agarose gel at lOOmV 
for 30 minutes in lx TAE buffer and stained with ethidium bromide (5mg/ml) for 
visualisation under UV light. Products of correct size were excised from the gel and 
purified using the QIAquick PCR purification kit (Qiagen). DNA concentrations and
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molecular weights were estimated by comparison with a Hyperladder I DNA marker 
(BioLine).
2.2.6(H) In vitro transcription of RNA
RNA was transcribed in vitro using a Mega Script T7 RNA kit (Ambion) 
following the manufacturer’s instructions. Briefly, the following transcription reactions 
were set up at room temperature in 20pl total volumes: 2pl lOx Reaction Buffer 
(Ambion), 75mM each of ATP, CTP, GTP, and UTP, lpg  linear DNA template, 2pl 
enzyme mix (stored on ice) and nuclease-free water. Reactions were mixed and 
incubated at 37°C for 4-5 hours. The DNA template was removed by adding 2U of 
DNAse 1 and incubating at 37°C for 15 minutes.
2.2.6(iii) RNA precipitation
RNA precipitation was done as described by Worby et al., (2001). Briefly, RNA 
was precipitated at -20°C with 3M Sodium Acetate Solution (Appendix A) to a final 
concentration of 10% and 2.5 volumes of 100% ethanol (Worby et al. 2001). Samples 
were centrifuged at 11 000 x g for 30 min at 4°C to pellet the RNA. The supernatant was 
aspirated. The pellet was re-suspended in 1ml 70% ethanol and centrifuged at 11 000 x g 
for 5 mins at room temperature. The supernatant was aspirated off and the pellet was air 
dried for no longer than 10 min. The pellet was re-suspended in a buffer suitable for 
subsequent processing.
2.2.6(iv) RNA quantitation
RNA was quantified by UV light absorbance using a NanoDrop 1000 
spectrophotometer, which quantifies Abs260nm, Abs280nm, the ratio of Abs260nm/Abs280nm, 
and the concentration of RNA in pg/pl.
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2.2.6(vi) RNA analysis
1 fig of RNA products were analysed by electrophoresis on a 1% agarose gel in 
1 X TAE buffer and stained with ethidium bromide (5mg/ml) for visualisation under UV 
light.
2.2.7 Worm culture techniques
2.2.7(i) Worm synchronisation: alkaline-hypochlorite treatment
Alkaline-hypochlorite (AH) treatment, which kills all the nematodes in a culture 
but not their eggs (Wood 1988), is effective in decontaminating C. elegans cultures 
maintained on NGM plates seeded with E. coli.
A  25ml NGM plate containing a dense population of unhatched eggs was flooded with 
M9 buffer, the surface of the agar was gently rubbed with a glass rod, and the liquid 
transferred to a 10ml centrifuge tube. The worms and eggs were pelleted by 
centrifugation at 400 x g for 3min, the supernatant was removed and 500ml of alkaline 
hypochlorite solution (300ml bleach and 200ml 4M NaOH) was added to the pellet to 
dissolve the live worms; this process was aided by vigorous shaking. M9 buffer was 
added to fill the tube and the tube was centrifuged for 3min at 400 x g, the supernatant 
was aspirated and the pellet was re-suspended in M9 buffer. This process was repeated 
3 more times, with the eggs finally being suspended in M9 buffer. The eggs were 
hatched by gently rocking overnight at room temperature.
For synchronized fourth-stage (L4) larvae populations, hatched Lis were placed onto 
NGM plates seeded with OP50 and incubated at 21°C for 48 hours.
46
2.2.7(H) Preparation of egg plates for large-scale worm growth
Egg plates are used for large-scale growth of C. elegans (Krause 1995) 
as they provide a rich source of cholesterol and a food that allows the animals to move 
easily in a 3-dimension plane. 10 chicken egg yolks were added to LB broth (Appendix 
A) in a total volume of 400ml. The mixture was incubated at 60°C for 1 hour, allowed 
to cool to room temperature, before 50mls of OP50 E. coli was added. 8ml of mixture 
was then distributed onto the surface of 2% 25ml NGM plates and allowed to settle 
overnight. Excess liquid was poured off and the plates allowed to settle for a further 24 
hours before being stored at 4°C. Egg plates were left at 4°C for at least one week 
before use as high levels of mortality were observed on plates used immediately.
2.2.7(Hi) Large-scale worm growth
Mixed stage C. elegans cultures were grown on two 25ml NGM plates seeded 
with OP50 E. coli for 48 hours at 20°C. These worms were then washed using M9 
buffer onto two 75ml NGM plates seeded with OP50 E. coli and incubated at 20°C for a 
further 48 hours. This mixed stage culture containing many gravid adults was then 
treated with alkaline-hypochlorite as described above [Section 2.2.7(i)]. After overnight 
incubation at room temperature, hatched first stage larvae were centrifuged at 400 x g 
for 3 minutes at room temperature and the majority of supernatant removed to leave 
200pl of concentrated larvae. These were then aliquoted onto two egg plates [Section 
2.2.7(h)] and incubated for 4 days at 20°C. Mixed stage C. elegans were again 
synchronised by treatment with alkaline-hypochlorite [Section 2.2.7(i)]. Due to the large 
volume of worms, treatment with alkaline-hypochlorite was repeated, with the 
supernatant passed three times through a 20-gauge syringe to aid in the breakdown of 
adult cuticles.
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2.2.8 RNA interference analysis
2.2.8(i) Generation ofRNAi contructs
For generation of pCB76 (ZC328.1) and pCB77 (C38C6.6) RNAi vectors, the 
ORF of each gene was amplified using standard RT-PCR methods [Section 2.2.3] using 
mixed stage total RNA as a template. The following PCR cycle was used: 95°C 2 min 
(95°C 30 sec, 50°C 30 sec, 72°C 60-120 sec) x 25 cycles, 72°C 7 min. Products of the 
correct size were identified by gel electrophoresis, excised and purified using the Wizard 
Purification System (Promega) and cloned into pGEM-Teasy (Promega) as per 
manufacturer’s instructions. The identity of amplicons was confirmed by sequencing at 
the Australian Genome Research Facility (AGRF). Correct inserts were excised from 
pGEM-Teasy using Not I endonuclease (Promega) and ligated into the RNAi vector, 
pL4440, using general cloning techniques. All other RNAi constructs used were 
purchased from Geneservice Ltd, Cambridge, U.K.
2.2.8(H) RNAi by feeding
The generic RNAi feeding vector, L4440 was used to transform HT115 (DE3), an 
RNase Ill-deficient E. coli strain for production of dsRNA (Figure 2.1) [Section 2.2.4).
Single colonies of HT115 (DE3) bacteria containing pLT61, pCB19 or cloned L4440 
plasmids, were picked and grown in LB medium with 100pg/ml ampicillin (Sigma) the
day before an RNAi feeding experiment was to commence. pCB19 contains a fragment of 
the Arabidopsis thaliana light harvesting complex gene with no homology to any 
known C. elegans protein, and was used as a dsRNA control. pLT61 contains a 
fragment of the C. elegans gene, unc-22, which encodes the muscle myofilament 
protein “twitchin”(Brenner 1973) which, when knocked down, results in twitching of 
the body wall muscles and paralysis. This was used as a positive control.
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Bacteria were grown overnight at 37°C with shaking at 200rpm. 3pl of 1M IPTG (Astral) 
was added to give a final concentration of ImM. The culture was incubated for a further 3 
hr at 37°C with shaking at 200rpm. Bacteria were then seeded directly onto 9ml petri 
dishes containing NGM agar supplemented with 25pg/ml Carbenicillin (Sigma) and ImM 
IPTG.
Synchronised L is or L4s [Section 2.2.7(i)| were gently centrifuged for 3min at 400 x g 
and excess supernatant was aspirated. Approximately 10-50 worms per experiment were 
pipetted onto NGM plates seeded with induced HT115 (DE3) bacteria.
The C. elegans were fed on dsRNA-producing bacteria at 21°C for N2 and transgenic 
reporter strains, and 16°C for the rrf-3 mutant strain. Worms were assayed for altered 
phenotypes after 48, 72 and 96hrs. For assessing fecundity, 3-5 individual L4s were 
placed onto separate plates seeded with induced bacteria. The progeny were then counted 
after a further 48 and 72 hours at 21°C, or an additional 96hr at 16°C for the rrf-3 mutant 
strain.
2.2.8(iii) RNAi by soaking
lpl of L is previously prepared by AH treatment [See 2.2.7(i)] were pipetted into 
4pl of 10pg/pl dsRNA in soaking solution (Appendix A) in a 200pl PCR tube and 
incubated at 21°C. The absence of bacteria from the liquid medium causes inefficient 
uptake of the dsRNA into the pharynx as the liquid is expelled before reaching the 
terminal bulb; this would limit the uptake of dsRNA into the midgut/hindgut (Chunyan 
Liao, pers. comm.). Therefore, 0.05mM serotonin (creatine sulphate salt; Sigma) was 
included in the solution to stimulate pharyngeal pumping and to drive a greater uptake of 
dsRNA (Horvitz et al. 1982). After 24 h, the worms were pipetted onto a new NGM agar 
plate containing a fresh lawn of OP50 E. coli. Worms were cultured at 21°C and scored 
for altered phenotypes after 48 hours.
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2.2.9 C. elegans behavioural assays
2.2.9(i) Pharyngeal pumping assay
20 worms were scored for pharyngeal pumping rate on NGM plates seeded with 
OP50. Because the rate of pumping differs in the presence of food stimulus compared 
with no food, all animals were scored in the presence of food. The number of 
pumps/minute was scored for each worm. This was repeated three times to give an 
average pump rate/worm. A pump was defined as an opening and closing of the 
terminal bulb (Figure 1.8). Statistical analysis was carried out using the unpaired 
Students t test from Excel.
2.2.9(H) ‘Thrashing’ assay
5-10 worms were scored for their ability to move when suspended in liquid. 
Each worm was placed in lOOpl of M9 Buffer in the well of a 96-well microtitre plate. 
Worms were allowed to recover for 2 min before the number of ‘thrashes’ (body 
bends)/min was counted. This was repeated three times for each worm to give an 
average number of bends/worm. A ‘thrash’ was defined as an anterior body bend.
2.2.9(iii) Touch sensitivity assay
The touch sensitivity assay was based on methods described by Chalfie and 
Sulston (1981). Worms were assayed for touch sensitivity by touching their anterior 
(head) region or their posterior (tail) region with an eyelash glued to the end of a 
toothpick. Worms were scored as sensitive if they moved backward upon being 
stimulated in the anterior region, or if they moved forwards upon being stimulated in 
the posterior region (Chalfie and Sulston 1981).
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2.2.9(iv) Defecation assay
In C. elegans, defecation occurs through rhythmic activation of muscle 
contractions (reviewed in (Avery and Thomas 1997). It occurs approximately every 45 
sec and has five cycle components: the intercycle period, pBoc (posterior body muscle 
contraction), pBoc relaxation, aBoc (anterior body muscle contraction), and EMC/exp 
(enteric muscle contraction or expulsion) (www.wormatlas.org). Defecation assays were 
conducted on 10 animals that were still feeding and hence had the capacity to defecate. 
Timing was initiated from the final expulsion stage of the defecation cycle and then 
terminated upon the following expulsion. This was repeated three times for each worm.
2.2.10 Sterol-deficient experiments
To determine if cholesterol depletion affects molting, experiments were carried 
out as described by Merris et al., (2003) and personal communications with Dr Alison 
Frand (Massachusetts General Hospital, Boston). Approximately 5 - 1 0  synchronised 
Lis [Section 2.2.7(i)] were placed on NGM agar or NGM agarose plates (1.6% agarose, 
0.005% Tween80) without peptone or cholesterol (Merris et al. 2003). These plates 
were seeded with either OP50 or RNAi bacteria that had been washed three times in M9 
buffer, to remove traces of Luria Broth, and concentrated 1 OX. Plates were incubated at 
21°C for 5 -  6 days. In this time, Lis had become gravid adults and started to produce 
progeny. These progeny were scored for molting defects.
2.2.11 Analysis of Dauer molts
To evaluate the dauer molt, experiments were carried out as described by Frand 
et al., (2005). Approximately 20 - 50 Lis of the temperature sensitive, dauer 
constitutive mutant strains, daf-2(e!370) and daf-7(el372), were fed on dsRNA as 
described in Section 2.2.8(h). These were grown at the restrictive temperature of 25°C
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for three days to allow control animals to molt to dauers. Animals were then shifted to 
the permissive temperature of 15°C for 2 days to allow dauers to molt to the L4 stage.
2.2.11(1) SDS resistance assay
To test whether dauer larvae were resistant to sodium dodecyl sulphate (SDS), 
assays were carried out as described by Cassada and Russell (1975). Dauer mutants 
were incubated in 1% SDS solution in M9 Buffer for 30 min, washed twice with M9, to 
remove traces of SDS, before being transferred to a plain NGM plate. Animals were 
scored for survival after 3 hr. Animals were considered alive if they were moving or 
responded to touch.
2.2.12 Nile Red staining of fat storage granules
Nile Red staining of fat granules was carried out as described by Ashrafi et al., 
(2003). Nile Red powder (Sigma) was dissolved in acetone at 500 pg/ml and a 1:500 
dilution in lxPBS was made. This was then added onto the surface of NGM plates 
seeded with OP50 or RNAi bacteria, to a final concentration of 0.05 pg/ml (Ashrafi et 
al. 2003). Synchronised Lis were then placed on these plates as described in Section 
2.2.8(H). Staining of lipid granules was observed by fluorescence microscopy using a 
Leica microscope fitted with Nomarski optics and a rhodamine (emission 560-590 nm) 
filter. All images were aquired using the same settings and exposure times.
2.2.13 Phalloidin staining of filamentous actin
To visualise actin filaments in the hypodermal cells of larvae, animals were 
collected and fixed at Ihr time points around the L4 to Adult molt, similar to methods 
used by Costa et al., (1997). Animals were fixed in 2% paraformaldehyde in PBS for 1- 
2hr at room temperature at the following time points: 48, 49, 50, 51, 52 and 53hr from 
when L1 s were first placed on bacteria. After fixation, animals were washed three times
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in PBS and stored at 4°C until stained (Costa et al. 1997). A 4pl aliquot containing 
~100 larvae in PBS was added to an 8pl drop of staining solution (2pl of 0.1 mg/ml Rh- 
phalloidin in MeOH added to a 1ml solution of 0.05% Triton X-100, 0.1M NaCl, and 
3.7% sucrose) on a microscope slide. A coverslip was placed over the larvae and the 
solution removed with a paper towel until the larvae were compressed slightly. The 
slide was sealed with nail polish and incubated in the dark for 30-45 min at room 
temperature. Larvae were examined using a Leica confocal microscope.
2.2.14 Hoechst staining of nuclei
Hoechst staining was carried out as described by Mori be et al., (2004). RNAi 
worms were washed off plates with M9 buffer and then incubated in M9 buffer 
containing 1 pg/ml Hoechst 33258 (Sigma) at room temperature for 15 min with gentle 
agitation. Worms were washed three times with M9 buffer (Moribe et al. 2004). 
Staining of nuclei was visualised using fluorescence microscopy with a Leica 
microscope fitted with Nomarski optics and a FITC filter. All images were aquired 
using the same settings and exposure times.
2.2.15 Staining of hypodermal vesicles using LysoTracker Red
Several investigators have used LysoTracker Red (Invitrogen) to stain intestinal 
lysosomes in live animals (Hersh et al. 2002; Hermann et al. 2005). This was done by 
supplementing NGM plates with 2pM LysoTracker Red and incubating animals on 
these plates in the dark. This protocol is not sufficient to obtain staining of hypodermal 
nuclei. For this, the cuticle must first be perforated using a microinjection needle, as 
described by Roggo and colleagues (2002). Approximately 10 L4 animals were placed 
onto 2% agarose pads and covered with halogen oil as for microinjection (Mello and 
Fire 1995). Attempts were made to perforate the cuticle using a microinjection needle 
under a dissection microscope. Animals were recovered from pads using a drop of M9
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buffer and suspended in buffer supplemented with 2pM LysoTracker Red. Animals 
were incubated in the dark for 15 min with gentle rocking and then washed three times 
with buffer to remove dye. Animals were examined using a Leica confocal microscope.
2.2.16 Electron microscopy
2.2.16(i) Scanning electron microscopy
Worms were washed off plates with PBS and fixed in 2.5% glutaraldehyde in 
PBS (pH 7.5) at 4°C for 2 hours. Worms were washed three times in PBS with a 
secondary fixation overnight in 1% osmium tetroxide at room temperature. Samples 
were washed five times in dH20 and dehydrated through an acetone series (30, 50, 75, 
95, 100%). Washes were for 5 minutes each, with the final three washes done in 100% 
acetone for 10 minutes. Samples were critical point dried using CO2, mounted on stubs 
and coated with gold (20mA, 4 minutes). Samples were viewed using a Cambridge 
S360 scanning electron microscope.
2.2.16(H) Transmission electron microscopy
Worms were washed off plates with cacodylate buffer and fixed in 2.5% 
glutaraldehyde and 4% formaldehyde in 0.1M cacodylate buffer for 2 hours at room 
temperature. Worms were cut open immediately using a syringe. Animals were washed 
three times in 0.1M cacodylate buffer for 10 min each wash, followed by a secondary 
fixation in 1% osmium tetroxide for 2 hours at room temperature. Three washes with 
dH20 were carried out before samples were dehydrated through an ethanol series (50, 
70, 85, 95, 100%). Washes were for 15 min each with the final three washes done in 
100% ethanol for 15 min each. Samples were infiltrated as follows: two changes of 
100% acetone for 15 min each; 2:1 change of acetone : epon araldite for 2-3 hr; 1:1 
change of acetone : epon araldite overnight at 4°C; 1:2 change of acetone : epon araldite 
for 2-3 hrs; three changes in pure epon araldite for 3-4 hrs each. Samples were
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embedded in blocks and baked overnight at 60°C. Blocks were trimmed using a glass 
knife and 70nm sections cut using a diamond knife. This was kindly carried out by Lily 
Shen from the EMU. Sections were mounted on copper grids and stained with 6% 
uranyl acetate for 20 min, washed thoroughly with dELO and stained with lead citrate 
for 15 min. Sections were washed thoroughly with dfUO, dried, and viewed using a 
Hitachi H7100FA transmission electron microscope.
2.2.17 Spatial analysis of gene expression
2.2.17 (i) Construction of promoter fusions
Gateway® recombinatorial cloning was used to create a transcriptional and 
translational ZC328.1 ::gfp construct and a transcriptional C38C6.6::gfp construct 
[Section 2.2.4(v)] (Dupuy et al. 2004). For the transcriptional constructs, primers that 
contain the attBA and Ö//B1R recombination sites were designed to amplify 
approximately 2.5kb and Ikb upstream relative to the initiation codon of ZC328.1 and 
C38C6.6 respectively, and the first exon and intron, using cosmid DNA as templates 
(kindly provided by The Wellcome Trust Sanger Institute, UK). For the ZC328.1::gfp 
translational construct, the reverse primer was designed to amplify the entire coding 
region except the stop codon. TTT TTT in the attB 1R site was placed in-frame with the 
initiation codon to ensure transcription of GFP. Oligonucleotides used are shown in 
Table 2.2. Fragments were amplified using AccuPrime Pfx polymerase (Invitrogen) in a 
standard reaction. PCR products were cloned into pDONR(P4-P 1R) and then pDEST- 
DD04 using BP and LR Clonase™ (Invitrogen) respectively [Section 2.2.4(v)]. The 
identity and sequence of fragments was confirmed by sequencing at the AGRF.
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Table 2.2 Sequences of oligonucleotides used to amplify promoter regions.
T a rg et fra g m en t O ligo  n a m e S e q u en ce  5 ’ -  3 ’
att  reco m b in a tio n  sites a ttB 4  
a t tB \  R
G G G  G A C  A A C  T T T  G T A  T A G  A A A  A G T  T G  
G G G  G A C  T G C  T T T  T T T  G T A  C A A  A C T  T G T  C
Z C 328.1
tran sc rip tio n a l
c o n stru c t
Z C /E .B 4  
Z C /E .B 1 R
C T C T  - a t tB 4  -  T G T  T T C  T T C  A T T  G T A  C A T  A G T  
a t tB  1 R- T G A  A A A  T T G  T T T  T C T  T A A  A A
Z C 328 .1  tran s la tio n a l 
c o n stru c t
Z C /E .B 4  
Z C /E .B 1 R .R 3
C T C T  - a t tB 4 -  T G T  T T C  T T C  A T T  G T A  C A T  A G T  
a t tB  1R- C T G  G T T  T T G  G A T  G A C  T C T  C T
C 3 8 C 6 .6
tra n sc rip tio n a l
co n s tru c t
C 3 8 /E .B 4  
C 38/E .B 1 R
a t tB 4  -  T G C  C A C  A G T  T T T  A T C  C C C  C AC A 
a t t B \ R  -  T T  A G  A T G C  G T C  G A G  A G  A T A C
2.2.17(H) C. elegans transgenesis by microparticle bombardment
Microparticle bombardment of C. elegans unc-119(ed3) hermaphrodites was 
carried out to create the transgenic strains, wt026 unc-119(ed3), wtEx026[C38C6.6::gfp, 
unc-119(+)] and wt027 unc-119(ed3), wtEx026[ZC528.1 ::gfp, unc-119(+)\ (Praitis et al. 
2001; Berezikov et al. 2004). Worms were grown using egg plates [Section 2.2.7(h)] 
and washed off after approximately 7 - 1 0  days growth using Egg Salts Buffer 
(Appendix A). Worms were allowed to sediment by gravity for 10 -15 min. The 
supernatant was removed and the pellet washed 3 - 4  times with buffer to remove as 
much debris and young larvae as possible. 2ml of sedimented worms was then seeded 
onto a pre-dried and chilled 25ml NGM plate on ice.
20 pg of ZC328.1 ::gfp, unc-119(+) or C38C6.6::gfp, unc-119(+) DNA was linearized 
using Sac II endonuclease (New England Biolabs) in a 50pl total volume reaction 
[Section 2.2.4(i)]. Linearized DNA was coated onto 60mg/ml of gold particles (1 pm, 
Bio-Rad) with the addition of 150pl 2.5M CaCh and 60pl 0.1M spermidine. The 
sample was mixed by vortexing after each addition. Gold particles and DNA were then 
washed successively with 300pl 70% ethanol and absolute ethanol, before a final re-
suspension in 80pl of absolute ethanol. 20pl of gold and DNA was distributed into each 
macrocarrier and allowed to dry for 10 -  15 min.
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The PDS-1000/He system with the Hepta adaptor (Bio-Rad) was used with the 
following parameters: 4mm distance between exits of the Hepta adaptor gas splitter and 
macrocarriers, 20mm distance between stopping screens and target shelf, 1350 p.s.i. 
rupture disks and 27 inches of Hg vacuum. After bombardment, worms were allowed to 
recover at room temperature for 30 min. Worms were then washed off with Egg Salts 
Buffer and distributed onto 20 25ml NGM plates seeded with OP50 E. coli. Animals 
were incubated at 20°C for 10 -  14 days by which time they had exhausted the food 
source resulting in the death of untransformed animals. Stable transformants were then 
picked off starved plates as dauers.
2.2.18 Temporal analysis of gene expression
2.2.18(i) Worm preparation
Synchronised C. elegans were prepared using large-scale growth methods 
[Section 2.2.7(iii)]. Hatched Lis were seeded onto standard NGM plates seeded with E. 
coli OP50 and incubated at 25°C. Approximately 8,000 Lis were seeded onto three 
plates for each time-point up to 28 hours, and 6,000 Lis onto two plates for the 
remaining time-points up to 40 hours. Animals were washed off plates every two hours 
using water and then snap frozen in liquid nitrogen. Because animals were not observed 
under a light microscope to determine at which time points the animals were undergoing 
a molt, an internal control gene, sqt-1, which encodes a cuticle collagen, was used, sqt-1 
is known to be up-regulated two hours prior to each larval molt (Johnstone and Barry 
1996). This allowed a comparison between each gene of interest and sqt-1 to be made in 
relation to each molt.
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2.2.18(H) RNA extraction and quantification
RNA was isolated from frozen worm pellets using TriZol reagent [Section 
2.2.5]. RNA was quantified in duplicate using a NanoDrop 1000 spectrophotometer and 
the average concentration calculated.
2.2.18(iii) Synthesis o f first-strand cDNA
For each time-point approximately 1 pig of total RNA was used as template in a 
first-strand cDNA synthesis reaction using the Superscript™ First-Strand Synthesis 
System for RT-PCR (Invitrogen) as per manufacturer’s instructions.
2.2.18(h) Multiplex PCR
0.5 -  1.0 pi of cDNA was used as template in a multiplex PCR reaction to 
compare the expression of ZC328.1 to a control gene ama-1, which encodes RNA 
polymerase II (Bird and Riddle 1989). Oligonucleotides used are shown in Table 2.3. 
Conditions used were 94°C for 2 minutes, followed by 25-30 cycles of 94°C 30s, 55°C 
30s, 72°C 1 minute, and a final 72°C for 7 minutes.
Table 2.3. Sequence of oligonucleotides used in multiplex PCR.
T arget Sequence O ligo nam e Sequence 5 ’ -  3 ’
am a-1 am a-1. LI 
am a-1  .R1
CA G  TG G  C TC  A TG  TC G  A G T TTC C A G  A 
C G A  C C T T C T  TTC C A T  C A T  TC A  TC G  G
ZC328.1 g -I-1031 .L 1 
ZC 3.R 2
A TG  C C A  A A C  G AC CG G  G TG  GC 
TG A  G T T  C G A  C G T  T C T  G C T TG
sqt-1 sq t-1 .L \  
sqt-1 . R1
TTC  AA C C A G  C C A  A A G  A C T CC 
C TT TCC TG G  T C T TCC GTC TG
C 38C6.6 C 38dR T .L l
C 38dR T .R l
C TA  C A G  TTG  A C G  G G C  A C A  AA 
TT A  TC G  G C A  A C A  A CC TTT CC
2.2.18(v) Image analysis
PCR products were detected by electrophoresis in 2% agarose gels, stained with 
ethidium bromide (5mg/ml) and visualized under UV. Images were captured using 
Scion Image software. Bands were quantified using ImageJ (Image Processing and
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Analysis Software in Java). The average value at a given time point was divided by the 
average ama-1 value for that time point to generate relative values.
2.2.19 Global gene expression analysis using microarrays
2.2.19(i) Preparation of worms: large-scale RNAi experiments
RNAi bacterial cultures were inoculated and induced as described in Section 
2.2.8(ii) with the following exceptions: single bacterial colonies were inoculated into 
35ml of 2X-YT broth (Appendix A), and 1ml of 8X concentrated and induced bacteria 
was seeded onto seven 75ml NGM agar plates supplemented with 25pg/ml 
Carbenicillin (Sigma) and 1M IPTG. Only one NGM agar plate was used to seed 
HT115 (DE3) E. coli containing pLT61.
Synchronised populations of C. elegans were prepared as described in Section 2.2.7(iii). 
Hatched Lis were centrifuged at 400 x g for 3min at room temperature and excess 
supernatant was aspirated to leave a volume of 5ml. The number of larvae was 
estimated by preparing a 1 in 5 dilution of larvae to water. Approximately 8 000 to 12 
000 larvae were seeded onto two sides of the NGM plates seeded with induced bacteria. 
The plates were incubated at 20°C. After 24 hours the agar where Lis had been seeded 
was removed to prevent any OP50 bacterial contamination and the worms were 
incubated for a further 24 hours. After a total of 48 hours incubation at 20°C, L4s were 
washed from each plate using M9 buffer and collected into 50 ml Falcon tubes. Worms 
were centrifuged at 400 x g for 3 minutes at room temperature, the supernatant aspirated 
and the pellet of worms transferred to a 15 ml Falcon and washed twice more to remove 
as much bacteria as possible. After the final wash, supernatant was aspirated and worms 
were snap frozen in liquid nitrogen.
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2.2.19(ii) RNA isolation
RNA was isolated from frozen worms using TriZol Reagent (Invitrogen) 
[Section 2.2.5].
2.2.19(Hi) Quantitation of total RNA
Quality and quantity of total RNA was analysed using agarose gel 
electrophoresis. Samples were first diluted 1:10, 1:20, 1:50 and 1:100 in a total volume 
of lOpl made up with RNase-free water. Loading dye was added and samples were 
electrophoresed on a 1% agarose gel at 100V for 30 minutes. RNA was visualised by 
ethidium bromide staining (5mg/ml) and visualised by UV light absorbance.
2.2.19(iv) Aminoallyl labelling of cRNA using in vitro transcription-based 
RNA amplification
First-strand cDNA synthesis was carried out as follows: 2pg of total RNA was 
incubated with T7-T24 oligo (100pmol/pl) in a total volume of 12pi at 70°C for 10 min. 
After incubation, 5X First Strand Buffer (Invitrogen), 0.1M DTT and lOmM dNTPs 
were added and samples incubated at 42°C for 2 min. 100U of Superscript III Reverse 
Transcriptase (Invitrogen) was added and samples incubated for 1 hour at 42°C. 
Another 100U of Superscript III was then added and incubated a further hour at 42°C.
Second-strand cDNA synthesis was then carried out as follows: to first stand cDNA, 5X 
Second Strand Buffer (Invitrogen), 10mm dNTPS, 10U of E. coli DNA ligase, 35U of 
E. coli DNA polymerase I and 2U of RNase H were added and the volume made up to 
130pl using RNase-free water. Second strand cDNA was synthesised by incubating 
samples at 16°C for 2 hours. After incubation, 6U of T4 DNA polymerase was added 
and samples were incubated a further 5 min at 16°C. Reactions were stored at -20°C 
until further use.
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Double-stranded cDNA (ds cDNA) was purified by ethanol precipitation. Frozen 
reactions from above were thawed and 0.5M EDTA pH 8.0 added. An equal volume of 
phenol:chloroform:isoamyl alcohol (25:24:1) was added, samples were vortexed and 
centrifuged at 12 000 x g for 3 min at room temperature. The aqueous layer was 
transferred to a fresh tube and 0.6 volumes of 5M ammonium acetate, 2.5 volumes of 
cold 96% ethanol and 5jag/pl of glycogen was added. Samples were incubated at -20°C 
for 20 min before centrifugation at 12 000 x g for 20 min at 4°C. The supernatant was 
removed and cold 70% ethanol was added. Samples were centrifuged at 12 000 x g for 5 
min at room temperature. The supernatant was aspirated and the pellet washed with cold 
70% ethanol as described above. After final aspiration of the supernatant, samples were 
centrifuged briefly to remove residual ethanol and the pellets air dried at room 
temperature for 10 min.
Complementary RNA (cRNA) was synthesised using purified ds cDNA using the T7 
MegaScript kit (Ambion) as per manufacturer’s instructions [Section 2.2.4(ii)]. 75mM 
of ATP/CTP/GTP/UTP were used, with lOmM of animoallyl (aa) - UTP. Reactions 
were incubated at 37°C for 6 hr.
cRNA was purified using the RNeasy kit (QIAGEN) as per manufacturers instructions. 
Briefly, RLT buffer and 96% ethanol were added to reactions and transferred to an 
RNeasy column. Samples were centrifuged at 14 000 x g for 1 min at room temperature, 
before being transferred to a fresh column and washed once with RPE buffer. Samples 
were centrifuged as described above, flow through discarded, and centrifuged a further 
3 min. Samples were then eluted using RNase-free water.
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To quantify, purified cRNA was diluted 1:50 using distilled water. This was done in 
duplicate and spectrophotometric analysis was carried out using the Cary 50 
Spectrophotometer. The average concentration was calculated and 1 pg was 
electrophoresed on a 1% agarose gel at 100V for 30 min. The RNA was visualised by 
ethidium bromide staining (5mg/ml) and UV light absorbance.
2.2.19 (v) Hybridisation of amino ally l (aa)-labelled cRNA to oligomer arrays
Labelled cRNA was coupled to monofunctional NHS-esters by adding 2pg of 
dried sample to 5pl DMSO, 0.3M sodium bicarbonate pH9.0 (final concentration 
0.05M) in a total volume of lOpl made up with RNase-free water. Re-suspended sample 
was added to a 2pl aliquot of dried monofunctional NHS-ester Cy dye (Amersham). 
Cy3 and Cy5 dyes were dried according to manufacturer’s instructions (Amersham). 
Samples were mixed by pipetting and incubated for 1 hour in the dark at room 
temperature. The sample was pipetted to mix, and centrifuged every 15 min.
Before combining Cy3 and Cy5 samples for hybridisation, un-reacted NHS-ester dye 
must be quenched to prevent cross coupling. This was done by addition of 4M 
hydroxylamine to each sample and incubation at room temperature for 15 min in the 
dark. Cy3 and Cy5 reactions were combined and purified from the unincorporated 
/quenched Cy dyes using a Microcon Y-30 column (Millipore) for cRNA as per 
manufacturer’s instructions. Recovered samples were dried using a SpeedVac.
Dried sample was hybridised to the oligo array as follows: to dried sample, 7.35pi 20X 
SSC (final concentration of ~3X), 1.35pl 10% SDS (final concentration of 0.3%), 4pl 
salmon sperm (10mg/ml) and RNase-free water to a total volume of 45pl were added. 
The sample was vortexed and incubated at room temperature in the dark for 1 hour.
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After incubation, the sample was boiled for 3 min, and centrifuged at 14 000 x g for 3 
min at room temperature. An array slide was placed inside a hybridisation chamber and 
2X SSC added to the sides of the chamber for humidification. The cooled sample was 
pipetted onto the surface of the slide and a coverslip (22mm X 60mm, ProSciTech) 
carefully placed on top using forceps, allowing capillary action to spread the sample 
over the array area. The hybridisation chamber was sealed and incubated overnight (16 
hours) at 65 or 50°C.
To wash the slide after hybridisation, the chamber was disassembled and the slide 
transferred using forceps to a slide holder that had been placed in Wash Solution 1 (IX 
SSC, 0.03% SDS). The slide holder was gently agitated to allow the coverslip to slide 
off and the slide was washed for 1 min with gentle agitation. The slides were removed 
to a new slide holder that had been placed in Wash Solution 2 (0.2X SSC) and washed 
for 2 min by gently plunging the slide holder up and down. The slide, and holder, were 
transferred to Wash Solution 3 (0.05X SSC) and washed for 2 min by gently plunging 
as described above. The slide and holder were dried to absorb excess liquid, the slide 
was removed using forceps and centrifuged at 200 x g for 1 min at room temperature. 
Slides were then stored in the dark until ready to scan.
2.2.19(vi) Analysis and identification of differentially expressed (D.E.) genes
Slides were scanned using GenePix Professional 4200A scanner (Geneworks) 
and GenePix Pro v5.0 software. Hardware settings were set to use 80% laser power, 
with PMT (photo-multiplier tube) settings ranging from 200 -  350. Slides were Preview 
scanned with various PMT settings for both the red (635nm) and green (532nm) 
channel in an attempt to balance out any obvious dye bias. Once a suitable balance was 
achieved, slides were scanned using the Data scan option to provide a high-resolution 
scan of the array area. After intensities for each spot were calculated, results were saved
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as gpr (GenePix Results) files. Gpr files were analysed using tRMA (Tools for R 
Microarray Analysis) developed by CSIRO Mathematical and Information Sciences. 
Normalisation of slides was carried out using spatial normalisation (Wilson et al. 2003). 
This method takes into account both intensity- and location-dependent bias. After 
normalisation, the BH (Benjamini and Hochberg) False Discovery Rate method was 
used to determine which genes were differentially expressed (DE) in each slide 
(Benjamini and Hochberg 1995). Unlike the standard P-value that is used for testing 
individual hypotheses, the BH method relies on the False Discovery Rate (FDR), which 
is defined as the expected proportion of false positives among the significant results 
(Benjamini and Hochberg 1995; Pawitan et al. 2005). For example, from a collection of 
100 genes identified as being differentially expressed, an FDR of 0.10 corresponds to 
up to 10 of these genes being expected to be false positives (Pawitan et al. 2005). To 
identify DE genes, the FDR was set at 0.001. The DE genes from each slide were 
compared to determine which genes were identified in at least 75% of the slides i.e. 3/4 
slides.
2.2.20 Yeast two-hybrid analyses
2.2.20(i) Generation ofDB-X and AD-Yfusion constructs
For generation of DB-X clones, Gateway® recombinatorial cloning was used 
[Section 2.2.4(v)](Rual et al. 2004). Primers that contain the attB\ and attB2.\ 
recombination sites were designed to amplify regions of ZC328.1 outside of predicted 
trans-membrane regions to eliminate these from the analysis (Table 2.4). BP and LR 
recombination reactions were carried out using pDONR223, and pDB-dest to generate 
DB-X fusions [Section 2.2.4(v)]. The identity and sequence of fragments was confirmed 
by sequencing at the AGRF.
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Table 2.4. Sequence of oligonucleotides used to amplify the predicted five
cytoplasmic regions of ZC328.1.
Target fragment Oligo name Sequence 5’ -  3’
att  recom bina t ion  
sites
a ttB X A
a t tB 2 . \
G G G  G A C  A A C  T T T  G T A  C A A  A A A  A G T  T G G  C A T  
G G G  G A C  A A C  T T T  G T A  C A A  G A A  A G T  T G G  G T A
ZC 3I Z C 3I.L1
ZC 3I.R 1
a t tB  1 .1 . -  G C C  A A A  C G  A C C G  G G T  G G C  T C C  A 
a t t B 2 . \ . -  T G T  A T A  A T G  C A T  T G A  A T T  A C  A
ZC 3II ZC 3II .L1
ZC 3II .R 1
a ttB  1 .1 .-  G A T  G A G  C C A  C A A  A T C  G G G  A 
a t tB 2 . \ .  - C C A  T T T  T C C  A A T  T G A  A T C
ZC 3III Z C 3III .L 1
ZC3I1I.R1
a t tB  1 .1 . -  G T G  G A A  A G  A A A A  T C C  A C  A  G A T  G 
a t t B 2 . 1. - A A A  T T T  C A A  T T T  T G A  T C C  T A G
Z C 3 IV Z C 3IV .L 1
Z C 3IV .R 1
a t tB  1 .1 .-  G C A  A T T  C A C  A A G  A C  A  A G T  C T T  T  
a t tB 2 A .  - T G G  T C C  G T A  A T C  T T G  T T C  A A T
Z C 3 V Z C 3 V . LI 
Z C 3 V .R 1
a t tB  1 .1 .-  G A T  T C A  A G G  A G C  T G C  T G A  T T A  T  
a t tB 2 . \ .  - T C T  G G T  T T T  G G A  T G A  C T C  T C T
2.2.20(H) Yeast transformation
Individual DB-X plasmids were transformed into the yeast strain MaV203 
(Walhout and Vidal 2001), which contains three screening markers: GALl::iacZ, 
SPAL10::URA3 and GAL1::HIS (Figure 2.2)(Vidal et al. 1996). A 200ml culture of 
MaV203 was grown by incubating at 30°C overnight to an ODöoo 0.6. Cells were spun 
down at 800 x g for 5 min. The supernatant was removed and the pellet washed with 
dFLO. Cells were pelleted as described above, the supernatant removed and washed 
with TE/LiAc solution (lOOpl/transformation) (Appendix A). Cells were pelleted as 
described above and resuspended in TE/LiAc (20pl/transformation). To resuspended 
cells, boiled salmon sperm DNA was added (2pl/transformation). Cells were then 
aliquoted into wells of a 96 well plate and lOOng of each DB-X was added. lOOpl of 
TE/LiAc/PEG solution (Appendix A) was added to each well and mixed by pipetting. 
Cells were incubated at 30°C for 30 min and then heat shocked at 42°C for 15 min. 
Cells were spun down as described above and PEG solution removed. The cell pellet 
was washed once with dFLO before resuspension in 15pi of liquid. Each transformation 
was then spotted onto synthetic complete (SC) medium lacking leucine (Appendix A) to 
select for DB-X plasmids.
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A.
GAL4
GAL4 DB
GAL4 Binding Site
^JRNA Polymeras
Reporter Gene
__ H1S3 promoter
GALl promoter
__ SP013 promoter
HIS3
lacZ
LRA3
Growth on plates lacking 
histidine and containing 3AT
Blue on X-Gal
Growth on plates lacking uracil
No growth on plates containing 5FOA
D.
His+(3ATR) ß-Gal Ura+ 5FOA
X:Y do not interact - White - +
X:Y do interact + Blue + -
Figure 2.2 The basis of the yeast two-hybrid system. The active transcription factors are 
formed as a dimer between two fusion proteins. The first contains a DNA-Binding Domain 
(DB) fused to the first protein o f interest (DB-X or “bait”), and the second contains the 
Activation Domain (AD) fused to the second protein o f interest (AD-Y, or “prey”). If X and Y 
do not interact, DB and AD do not form a functional transcription factor (A), but if X and Y do 
interact, DB and AD dimerise, forming a functional transcription factor resulting in the 
expression o f several reporter genes (B). Three reporter genes are used (C). These are stably 
integrated at different loci in the yeast genome. Induction o f the HIS3 and URA3 reporter genes 
allows trancription activation to be monitored by cell growth on plates lacking histidine and 
uracil, respectively. Induction o f URA3 also results in the conversion o f 5-fluoroorotic acid (5- 
FOA) to 5-fluorouracil, which is toxic to the cell and acts as a negative selection. In the DB-X 
containing yeast strain, MaV203 (M A Ta), HIS3 has a low level o f induction. To overcome this, 
3-amino-l ,2,4-triazole (3-AT) is added to media to reduce background growth. Induction o f the 
lacZ gene is monitored by colourmetric assay using X-gal (5-bromo-4-chloro-3-indolyl-ß-D- 
galactopyranoside). D. Expected results with each reporter for interacting and non-interacting 
proteins. (Figures adapted from www.invitrogen.com ).
2.2.20(iii) Identification of auto-activators
DB-X containing yeast strains were tested for auto-activation of the 
GAL1::HIS3 marker. Strains were grown on SC medium lacking histidine but 
containing 20mM 3-amino-1,2,4-triazole (3AT) (Appendix A). Strains displaying 
strong growth were discarded.
2.2.20(iv) cDNA library screening
Yeast two-hybrid screening was carried out by transforming each DB-X 
containing MaV203 strain with 20 p,g of a C. elegans AD-Y cDNA library (AD- 
wrmcDNA) kindly provided by Dr Jean-Fran^is Rual (Walhout and Vidal 2001). 
Briefly, each DB-X containing yeast strain was first grown at 30°C overnight in 
minimal medium lacking leucine. Transformations were then carried out as described in 
Section 2.2.19(ii), with 20^ig of AD-wrmcDNA added with boiled salmon sperm. 300p,l 
of cells were plated onto 30 15ml minimal medium plates lacking histidine but 
containing 3AT. Plates were incubated for 4 -  5 days at 30°C. The transformation 
efficiency was assessed by plating 300pl of 1:1000 diluted cells on SC medium lacking 
leucine and tryptophan (Appendix A) and counting colonies after 3 days growth at 
30°C.
2.2.20(v) Mating
Mating screens were carried out using an AD-ORFeome 1.0 library generated by 
pooling all —11, 000 cloned ORFs from the ORFeome resource (Reboul et al. 2003) into 
mini-pools of 188 AD-Y (“AD-188Ys”) clones in a 96 well format (Rual et al. 2005). 
The day before a mating experiment was to commence, DB-X containing yeast strains 
and AD-188Ys were grown in SC medium lacking leucine and tryptophan respectively. 
10p.l of AD-188Ys was spotted onto YPD plates (Appendix A) in a 96 well format 
using a GenMate robot (Tecan). Spots were allowed to dry before 10pl of DB-X
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containing yeast were spotted directly on top of each AD-188Y. This resulted in every 
DB-X being screened against each AD-Y mini-pool. Each screen was done in triplicate. 
After overnight growth at 30°C, diploids were selected by replica plating spots onto SC 
medium lacking both leucine and histidine. After 2 - 3  days growth at 30°C, diploids 
were replica plated onto SC medium lacking histidine but containing 3AT. After 
overnight incubation at 30°C, plates were cleaned using sterile velvets to decrease 
background growth. Plates were incubated a further 3 - 4  days at 30°C.
2.2.20(vi) Isolation of two-hybrid positive
After 4 - 5  days growth [Section 2.2.20(iv) and (v)], colonies with interacting 
proteins should had grown enough to isolate them. Using sterile toothpicks, colonies 
that have grown up above background were picked and plated in a 96 well format onto 
SC medium lacking histidine but containing 3AT. This was to ensure true positives 
would out grow any background colonies that had been accidentally transferred. Plates 
were incubated 2 - 3  days at 30°C. Colonies were then resuspended in 120pl of SC 
medium lacking both leucine and tryptophan in U-bottom 96 well plates. The plates 
were sealed with airpore tape (Qiagen) and incubated for 2 days at 30°C.
2.2.20(vii) Identification of positive interactions -  phenotypic assays
5pl of cultures grown in 96 well plates [Section 2.2.20(vi)] were plated onto SC 
medium lacking both leucine and tryptophan and incubated a further 1 -  2 days at 30°C. 
Colonies were replica plated onto YPD plates containing a nitrocellulose filter on the 
agar surface (to test for GALl::lacZ activation), SC medium lacking histidine but 
containing 3AT (to test activation of GAL1::HIS3), SC medium lacking uracil (to test 
activation of SPAL10::URA3) and SC medium lacking both leucine and tryptophan but 
containing 5-fluoroorotic acid (5-FOA; Appendix A) (a negative selection system for 
activation of SPAL10::URA3, as production of URA3 in the presence of 5-FOA is
67
toxic). Excess yeast was removed from the surface of all plates except the YPD plates, 
by cleaning with sterile velvets until yeast was no longer visible on the agar surface. Six 
controls were also spotted at the bottom of each plate (Table 2.5). All plates were 
incubated for 2 -  3 days at 30°C with the exception of the YPD plates which were used 
in a ß-gal filter lift assay after overnight incubation. The ß-gal filter lift assay was 
performed by removing the nitrocellulose filter (with yeast on the surface) and placing it 
in liquid nitrogen for at least 30 sec to lyse the cells. The filter was removed and 
allowed to thaw in air before being placed on top of 125mm Whatman paper that had 
been soaked in ß-gal solution in a petri dish (Appendix A). The ß-gal assay plates were 
then incubated at 37°C overnight. To eliminate interactions that result from non-specific 
promoter activation, interactions were only considered as positive if they activated all 
three of the Gal4-responsive promoters
Table 2.5. Control interactions used in yeast two-hybrid phenotypic assays.
Interaction
A ssay conditions
-U R A +5-F O A -H IS + 3A T X -G A L
DB + AD 
(no interaction)
- -l- - -
DB-pRB + AD-E2F1 
(moderate)
- -/+ + +
DB-Fos + AD-Jun 
(strong)
+ - + +
Gal4 + AD 
(strong)
+ - + +
DB-dDPl + AD-dE2F 
(medium)
+ - + +
DB-pRb + AD-dE2F 
(moderate)
-/+ - + +
pRB is a retinoblastoma tumor suppressor that regulates E2F, w lieh is a transcription factor that
forms complexes with the DP family of proteins. Fos and Jun are both transcription factors. -  
URA, media lacking uracil to assay for induction of the URA gene; +5-FOA, media 
supplemented with 5-fluoroorotic acid to assay for induction of the URA gene; -HIS + 3AT, 
media lacking histidine, but containing lOmM of 3-amino-1,2,4-triazole to assay for induction 
of the HIS gene; X-gal, colourmetric assay used to test for induction of lacZ gene; -, negative 
growth/white colour; -/+ minimal growth/blue colour; +, positive growth/blue colour.
2.2.20(viii) Yeast PCR to identify interacting pairs
Colonies that passed phenotypic assessment were plated onto YPD medium and 
grown overnight at 30°C. 15pl of Lysis Solution (0.4 mg/ml Zymolyase in 0.1M
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sodium phosphate buffer pH 7.4) was added to wells in a 96 well PCR plate. Using a 
multi-channel pipette, yeast was scraped off the surface of the YPD plate and 
resuspended in Lysis Solution. The yeast was incubated at 37°C for 5 min and then 
95°C for 5 min. A 1:10 dilution was made of the yeast lysis solution and 3pl was used 
as template in a 30pl PCR reaction that contained: IX PCR buffer, 2mM MgS0 4 , 40nM 
each of dATP, dTTP, dCTP and dGTP, 200nM of each forward and reverse primer and 
0.6 U of Platinum HiFi Taq polymerase (Invitrogen). Primers used were: Y2H-AD 5’- 
CGCGTTTGG A ATC ACT AC AGGG-3 ’ Y2H-Term 5 * -
GGAGACTTGACCAAACCTCTGGCG-3’. The cycle used was: 94°C 2min, (94°C 45 
sec, 56°C 60 sec, 68°C 5 min) x 35 cycles, 68°C 7 min. PCR products were analysed by 
gel electrophoresis and visualized with ethidium bromide (5mg/ml) and UV light. The 
identity of PCR products was confirmed by sequencing at AGRF and Agencourt 
(U.S.A.).
2.2.20(ix) Re-testing interactions by Gap Repair
Gap repair is essentially the same as the protocol described in Section 2.2.20(iv) 
but with the following modifications:
1) Instead of transforming with a cDNA library, 25 pg of Sma I linearised AD 
plasmid DNA and 2.5 pi of the PCR product from 2.2.9(viii) were used.
2) Transformants were selected on media lacking leucine and tryptophan, instead 
of just leucine.
3) Phenotypic assays were performed using only -HIS+3AT and X-Gal to test for 
induction of HIS3 and lacZ.
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Chapter 3
Identification o f Candidate Genes
3.1 Introduction
The free-living nematode, Caenorhabditis elegans, was the first multi-cellular 
organism to have its genome completely sequenced and annotated (Consortium 1998). 
A comparison of current EST and sequence information with other organisms reveals 
that a large proportion of the C. elegans genome (-60% of its 20 000 genes) has no 
clear homologues except in other nematodes (Blaxter et al. 1998; Parkinson et al. 
2004). Further, many of the nematode-specific genes encode proteins not yet 
characterised or of unknown function. Deciphering the functions of these genes will 
lead to a greater understanding of basic nematode biology and may provide targets for 
therapeutic development against parasitic nematodes of economic and medical 
importance.
3.2 Results
3.2.1 Identification of essential nematode-specific genes
The increase in abundance of ESTs and genome projects has provided a 
powerful tool to predict which proteins are potentially unique to nematodes. For the 
purpose of this study, proteins were considered to be nematode-specific based on the 
following criteria: that they be present in C. elegans with a homologue in at least one 
parasitic species; that they not be present in organisms outside of the Nematoda; and 
that there be some evidence that these proteins carry out an essential function. To 
determine which proteins fall within these criteria, two bioinformatic approaches were 
used. The first approach involved a keyword search for “nematode-specific” and 
“Caenorhabditis” in the NEMBASE and NCBI databases to identify C. elegans proteins 
that had no strong homology to higher organisms but with evidence of a homologue in 
at least one parasitic nematode [Chapter 2.2.1]. These proteins were cross-referenced
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with WormBase to identify those that resulted in changes in viability (larval or adult 
lethality), motility (paralysis or un-coordination) and fertility when their expression was 
silenced (www.wormbase.org). The nematode specificity of these proteins was then 
confirmed using BLAST (Basic Local Alignment Search Tool) through NCBI and the 
European Bioinformatics Institute (www.ncbi.nlm.nih.gov; www.ebi.ac.uk/blast2) 
[Chapter 2.2.1]. Those proteins that appeared to belong to gene families in C. elegans 
were discarded to avoid problems with redundancy and cross-RNAi. In addition, 
proteins that contained homology with proteins of known or predicted function also 
were discarded. This was an attempt to identify a suite of proteins of ‘unknown’ 
function.
The second approach involved mining results published by Kamath and colleagues from 
a study in which they conducted a large-scale RNA interference (RNAi) screen of -80% 
of the C. elegans genome, observing phenotypes for -10% of screened genes (Kamath 
et al. 2003). In addition, they conducted independent homology searches against yeast, 
humans, Arabidopsis thaliana, Drosophila melanogaster and C. elegans. The -10% of 
proteins that resulted in an observable phenotype were screened to remove those with 
reported homology to any of the above organisms, and that resulted in RNAi 
phenotypes that included lethality, sterility and/or motility defects such as paralysis. 
Again, the nematode specificity of these proteins was confirmed using BLAST. In 
addition, as stated above, those proteins that contained homology with proteins of 
known or predicted function were also discarded. These two approaches generated a list 
of 15 proteins that appeared to be unique to nematodes, were of unknown function, and 
considered to have important biological functions (Table 3.1) (Appendix B). One gene, 
ZK856.7, which did not display any reported changes in phenotype when silenced, was
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[Table 3.1]
TM, transmembrane domain; C. briggsae, Caenorhabditis briggsae; H. contortus, Haemonchus 
contortus; O. ostertagi, Ostertagia ostertagi; N. brasiliensis, Nippostrongylus brasiliensis; B. 
malayi, Brugia malayi; N. americanus, Necator americanus; T. circumcincta, Teladorsagia 
circumcincta; O. volvulus. Onchocerca volvulus; A. can in urn, Ancyclostoma caninum; Emb, 
embryonic lethal; Lva, Larval arrest; Lvl, larval lethal; Bmd, body morphology defect; Unc, 
uncoordinated; Prz, paralysed; Clr, clear; Mit, molting defect; Stp, sterile progeny; Ste, sterile; 
Led, late embryonic defect; Gro, slow growth; Sie, slow embryonic development; Nmo, nuclear 
morphology alteration in early embryo; Sck, sick; Adi, adult lethal; Rup, ruptured; Dpy, dumpy; 
Wt, wildtype.
'For published phenotypes and predicted structural features see Wormbase 
(www.wormbase.org).
:For length of sequence homology and % positives, see Appendix B.
’At the time of writing, R12B2.5 has been identified as mdt-15, a subunit of a multiprotein 
coactivator of RNA polymerase II; T05H4.12 has been identified as atp-4, a mitochondrial ATP 
synthase coupling factor; and W08F4.6 has been annotated as mlt-8 (molting defective) 
(www.wormbase.org).
Table 3.1 Summary of results from bioinformatic and RNA interference analysis
C . e leg a n s  
g e n e  n a m e
A m i n o
a c id
le n g th
P r e d ic t e d
s tr u c tu r a l
f e a tu r e s '
M a j o r  n e m a t o d e  E S T  
h o m o lo g i e s  (%  a m in o  
a c id  id e n t i t y 2)
P u b l i s h e d  C . e leg a n s  
R N A i  p h e n o t y p e s '
B 0 4 9 1 .5 3 2 7 N o n e C . b r ig g s a e  7 9 %  
H . c o n t o r t u s  6 0 %
E m b ,  L v a ,  Lvl,  B m d
C 3 8 C 6 .6 6 0 5 S ig n a l  p e p t id e C . b r ig g s a e  9 2 %  
O . o s t e r t a g i  4 2 %
U n c ,  P rz ,  C lr ,  L v l,  
L v a ,  M it
C 4 4 B 1 2 .1 2 0 3 S ig n a l  p e p t id e N . b r a s i l i e n s i s  5 0 %  
H . c o n t o r tu s  4 5 %
E m b
C 4 4 B 1 2 .5 3 9 7 S ig n a l  p ep t id e ,  
T M  d o m a in
C. b r ig g s a e  71 % 
H . c o n t o r tu s  4 6 %
E m b ,  S tp ,  S te
F 2 7 D 4 .2 291 A  c o i le d  coil 
reg io n
B. m a l  a y  i 3 6 %  
O . v o l v u lu s  2 6 %
B m d ,  E m b ,  L v l ,  U n c ,  
L ed ,  L v a
F 3 6 A 2 .7 167 T M  d o m a in N . a m e r i c a n u s  6 3 %  
H . c o n t o r tu s  4 9 %
E m b ,  G ro ,  S ie ,  L v a
K 0 6 A 5 .4 8 7 7 T h r e e  c o i le d  coil 
r e g io n s
C . b r ig g s a e  6 0 %  
H . c o n t o r t u s  3 0 %
E m b ,  S te ,  N m o
R 1 2 B 2 .5 3 7 8 0 P ro l in e  rich  
r e g io n ,  v o l t a g e -
g a t e d  K c h a n n e l  
m o t i f ,  X e r o d e r m a  
p ig m e n t o s u m  
g r o u p  B p ro te in  
m o t i f
H . c o n t o r tu s  6 2 % E m b ,  S te ,  G ro ,  A d i ,  
C lr ,  S ck ,  U n c ,  L v a
T 0 5 H 4 . 1 2 3 129 A T P a s e ,  F0 
c o m p le x  m o t i f
T. c i r c u m c in c ta  6 5 %  
H . c o n t o r t u s  6 5 %
Ste ,  E m b ,  G ro ,  A d i ,  
Lvl
T 1 9 B 1 0 . 2 3 6 8 S ig n a l  p e p t id e C . b r ig g s a e  8 6 %  
H . c o n t o r t u s  7 3 %
U n c ,  P rz ,  R u p ,  G ro
W 0 1 A 8 . 4 172 T M  d o m a in ,  
N A D H  
u b iq u in o n e  
o x id o r e d u c t a s e  
s u b u n i t  m o t i f
N . a m e r i c a n u s  8 6 %  
H . c o n t o r t u s  8 2 %
E m b ,  L v a ,  B m d
W 0 4 G 3 . 8 5 6 9 S ig n a l  p e p t id e ,  
p ro l in e  rich  
reg io n
C . b r ig g s a e  91 % 
B. m a la y i  31 %
U n c ,  P rz ,  Lvl,  G ro
W 0 8 F 4 . 6 2 2 6 8 S ig n a l  p e p t id e ,  E l  
p ro te in  an d  
D e f2 /D e r2  
a l le rg e n  m o t i f
O . v o l v u lu s  8 3 %  
H . c o n t o r t u s  2 0 %
U n c ,  L v l ,  P rz ,  B m d ,  
L v a
Z C 3 2 8 .1 2 0 2 F o u r  T M  d o m a in s B. m a la y i  3 4 %
H . c o n t o r tu s  6 5 %
L v l,  P rz ,  U n c ,  D p y ,  
G ro
Z K 8 5 6 .7 121 S ig n a l  p e p t id e ,  
T M  d o m a in
A . c a n i n u m  8 0 %  
H . c o n t o r t u s  7 6 %
W t
kept in the list as it shared a high degree of amino acid identity to proteins in other 
parasitic nematodes.
3.2.2 Confirming essential functions using RNA interference
RNAi is a potent way to knock down specific gene function in C. elegans. It 
involves the introduction of exogenous dsRNA into the worm, which leads to 
degradation of the corresponding host mRNA. Several methods have been developed in 
C. elegans for delivery of exogenous dsRNA [Chapter 1.3.2] of which the most rapid 
and simple method is to feed C. elegans on bacteria induced to express the required 
dsRNA (Kamath et al. 2000).
Previous experience has shown that RNAi phenotypes are not always observed 
consistently between investigators and laboratories (Simmer, 2003 #193; personal 
observations}. Therefore, RNAi silencing was repeated for the 15 selected genes in 
order to confirm the literature reports.
3.2.2(i) Assessing post-embryonic phenotypes of candidate genes
To determine post-embryonic phenotypes, synchronised Lis were fed on 
bacteria expressing dsRNA for each of the 15 genes [Chapter 2.2.8], Worms were also 
fed on bacteria expressing dsRNA for two control genes. A fragment of the Arabidopsis 
thaliana light harvesting complex gene was used as a negative or non-specific dsRNA 
control, and the C. elegans gene, unc-22, was used as a positive control, unc-22 encodes 
a highly abundant myofilament protein “twitchin” (Brenner 1973), which when knocked 
down, results in twitching of the body wall muscles and paralysis (Benian et al. 1993). 
Each experiment was conducted twice.
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At no time were changes in phenotype observed for worms fed on negative control 
dsRNA (Figure 3.1 A). The unc-22 positive control worms displayed a characteristic 
twitching phenotype after 48 hours of feeding on dsRNA (it is often difficult to detect 
twitching after 24 hours of feeding as worms are in the L2/L3 stage and still quite 
small). The twitching observed progressed to paralysis in adulthood, which is typical of 
a complete knockdown of unc-22 mRNA (Fire et al. 1998). Paralysis of worms is easy 
to detect as they tend to lay eggs in large clusters alongside their bodies whereas worms 
fed on control dsRNA, which are able to move freely across the agar surface, lay eggs 
randomly as they move (Figure 3.1).
Some of the phenotypes reported previously for candidate genes could not be 
reproduced (Table 3.2). The most penetrant phenotypes observed were defects in 
general morphology (100% of genes), fecundity (66% of genes), growth (60% of 
genes), molting (20% of genes), and motility (13% of genes).
For many genes (F36A2.7, W01A8.4, T05H4.12, R12B2.5, B0491.5, C44B12.5, 
C44B12.1) a reduction in fecundity was associated with several miscellaneous defects. 
These same defects also resulted in lethality at various developmental stages. For 
example, F36A2.7(RNAi) and W01A8.4(RNAi) worms became “bags-of-worms”, where 
young larvae hatched inside the uterus resulting in the death of the adult (Figures 3.2A- 
B). F27D4.2(RNAi) worms displayed an internal ‘granular’ appearance and 50% 
lethality in adulthood, with those surviving having a 20% reduction in fecundity (Figure 
3.2C). K06A5.4(RNAi) worms were also 100% sterile. This was due to the worms not 
developing gonads and hence not able to produce progeny (Figure 3.2D).
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Figure 3.1 RNAi phenotypes observed in C. elegans fed on control dsRNA. (A) A gravid 
hermaphrodite fed on pCB19 dsRNA. No detectable changes in phenotype were observed. 
Animals were able to move freely across the agar surface, laying eggs randomly (arrows) (B) 
Gravid hermaphrodites fed on unc-22 dsRNA. The twitching phenotype observed in animals 
became so severe that they were unable to move across the surface of the agar. This resulted in 
adults laying their eggs in close proximity to their bodies (arrow). Also note the absence of 
bacterial lawn nearby. Scale bars 1mm.
[Table 3.2]
'For published phenotypes see Wormbase (www.wormbase.ore). Emb, embryonic lethal; Lva, 
Larval arrest; Lvl, larval lethal; Bmd, body morphology defect; Unc, uncoordinated; Prz/Prl, 
paralysed; Clr, clear; Mit, molting defect; Stp, sterile progeny; Ste, sterile; Led, late embryonic 
defect; Gro, slow growth; Sie, slow embryonic development; Nmo, nuclear morphology 
alteration in early embryo; Sck, sick; Adi, adult lethal; Rup, ruptured; Dpy, dumpy; BOWs, 
Bag-of-worms; Sma, small; Pvl, protruding vulva; Wt, wildtype. Percentages in parentheses are 
of averages and indicate either % number of worms dead (Lvl/Adl), % reduction in brood size 
or % exhibiting stated phenotype. N.D., not done. Blue denotes additional phenotypes observed; 
Red denotes phenotypes tested for but not observed.
Table 3.2 Summary of reported and observed RNA interference phenotypes
C. e le g a n s  
g e n e  n a m e
P u b l i s h e d  C. 
e le g a n s  R N A i  
p h e n o t y p e s '
P o s t - e m b r y o n i c  R N A i  
p h e n o t y p e s  o b s e r v e d  in th is  
s t u d y
A c u t e  a d u l t  
R N A i
p h e n o t y p e s  
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Figure 3.2 RNAi phenotypes of C. elegans fed on bacteria expressing different dsRNAs. All
images were taken of animals fed from LI, with the exception of (J) which is offspring 
produced by an adult fed from L4. (A) An adult, fed on F36A2.7 dsRNA which has reached 
gravidity but was unable to lay eggs. Larvae have subsequently hatched within the uterus 
(arrow). (B) An adult fed on W01A8.4 dsRNA that has also reached gravidity. Eggs generally 
remain within the uterus (arrow) and hatch. This animal also displays a slight unc phenotype as 
it appears to be ‘kinked’ around the midline. (C) An animal fed on F27D4.2 dsRNA, which has 
reached late L4. Internal appearance is ‘granular’ with internal organs indistinguishable. The 
vulva has also ruptured (arrow) resulting in internal contents being expelled. (D) An adult fed 
on K.06A5.7 dsRNA that has reached adulthood but has not developed gonads (arrow). (E) An 
adult fed on negative control dsRNA that has left typical sinusoidal tracks on the bacterial lawn 
(arrows). (F) An animal fed on ZC328.1 dsRNA that has reached gravidity but is unable to 
move across the agar surface. This is evident by the lack of bacterial lawn around it (arrow). 
This animal also has a ruptured vulva with the internal contents being expelled. (G) An L3 
animal fed on C38C6.6 dsRNA that has become encased in old cuticle. Small arrow denotes the 
tip of the old cuticle, with the large arrow denoting the tip of the head. (H) An L2 animal fed on 
W04G3.8 dsRNA that has become encased in o\d cuticle. SmaU arrow denotes the tip of the old 
cuticle, with the large arrow denoting the tip of the head. (I) An L2 animal fed on W08F4.6 
dsRNA that has become encased in old cuticle. The arrow denotes a cuticular blister that has 
formed around the tip of the head where the old cuticle has become detached. (J) An LI animal 
produced by adults fed on F27D4.2 dsRNA from L4. The larva has bulbous protrusions or 
lumpy morphology (arrows).
C38C6.6 --------- W04G3.8
I. J.
/
W08F4.6 F27D4.2
Only two genes displayed motility (unc) defects, namely ZC328.1 and T19B10.2. 100% 
of ZC328.1(RNAi) worms had difficulty moving on the agar surface. Larvae were able 
to move in a sinusoidal manner, but could not progress forward or backward. This was 
reflected in the absence of bacterial lawn nearby and the tracks left on the surface, 
which were not sinusoidal in nature when compared with tracks left by negative control 
worms (Figures 3.2E-F). This phenotype progressed to paralysis during adulthood. 
100% of ZC328.1(RNAi) worms were also dumpy (dpy) in appearance, where they were 
shorter and not as tapered at either end compared with control worms. T19B10.2(RNAi) 
worms exhibited motility defects. This was indicated by flattened tracks left on the 
surface of the bacterial lawn when compared with negative control worms that left 
sinusoidal tracks.
RNAi of C38C6.6, W04G3.8 and W08F4.6 resulted in worms that were unable to 
progress through larval stages. 100% of worms arrested at mid larval stages and did not 
reach adulthood. These worms appeared sick and clear due to the absence of darkly 
stained gut granules, and would eventually die (Figure 1.8). Further, many were encased 
in old cuticle, generally during the molt from L2 to L3 (Figures 3.2G-I). This resulted in 
worms that were unable to feed, also leading to death.
Progeny (FIs) produced by adults fed from LI were also observed for changes in 
phenotype. Only two genes resulted in obvious changes. 19% of FIs produced by adults 
fed on F27D4.2 dsRNA displayed bulbous protrusions (Figure 3.2J). These deformities 
were not present in the parental Lis fed the same RNAi bacteria. In contrast, FIs 
produced by adults fed on F36A2.7 dsRNA developed at a slower rate similar to that 
observed when worms were fed from LI (Gro phenotype) (Table 3.2).
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ZK856.7 was the only gene that did not result in any obvious changes in phenotype 
when knocked down, consistent with previous reports (Rual et al. 2006). Attempts were 
then made to knock down this gene in an RNAi sensitive strain of C. elegans, rrf- 
3{pkl426) (Simmer et al. 2002). No significant changes in phenotype were observed in 
an rrf-3 mutant background when worms were assessed for defects in pharyngeal 
pumping, touch sensitivity or fecundity (n=140) [Chapter 2.2.9].
3.2.2(H) Assessing acute adult phenotypes
To assess acute RNAi phenotypes in the adult stages, synchronised L4s were 
fed bacteria induced to express dsRNA to each of the 15 genes, as well as the control 
genes [Chapter 2.2.8]. Each experiment was conducted twice.
At no time were changes in phenotype observed for worms fed on control dsRNA. 
Worms fed on unc-22 dsRNA displayed a characteristic twitching phenotype after 24 
hours of feeding on induced bacteria. The only detectable phenotype observed in adults 
fed on dsRNA to the 15 candidate genes was a decrease in fecundity similar to that seen 
for these genes when worms were fed from LI (Table 3.2) [Chapter 3.2.2(i)].
3.3 Discussion
3.3.1 Using RNAi to assess gene function
One way to rapidly assess gene function in C. elegans is to use RNAi to silence
gene expression. This technique has been used successfully on a genome-wide scale to
systematically assign putative functions to ~23% of the genome (Fraser et al. 2000;
Gonczy et al. 2000; Piano et al. 2000; Maeda et al. 2001; Kamath et al. 2003; Simmer
et al. 2003; Frand et al. 2005; Sonnichsen et al. 2005). A selection of nematode-specific
genes was identified in a preliminary bioinformatic screen and their respective RNAi
phenotypes assessed using the bacterial feeding method (Kamath et al. 2000). Many of
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the reported phenotypes were not repeatable (Table 3.2). For example, the 
uncoordinated phenotype (unc) published for several genes, such as F27D4.2 and 
R12B2.5, was not observed during this study. Further, phenotypes in addition to those 
previously reported were observed. For example, in both experiments conducted during 
this study, 100% of worms fed on W04G3.8 dsRNA lacked darkly stained intestinal 
granules and were clear in appearance (clr). This phenotype had not been published in 
previous RNAi screens (www.wormbase.org). The variation seen between studies could 
be due to RNAi efficiency, as well as factors such as temperature sensitivity and culture 
techniques (Simmer et al. 2003). In addition, previously reported phenotypes were from 
groups conducting large-scale screens. The differences observed may be due to 
subjectivity of the investigator, as there is no absolute standard for reporting RNAi 
phenotypes, or may reflect the more-detailed analysis during this study, as only two 
genes were analysed in each experiment. This highlights the importance for individual 
investigators to conduct confirmatory experiments whenever dealing with results from 
large-scale screens.
Variation in RNAi phenotype was also seen between experiments during this study. For 
example, -30% of worms displayed a molting defect when fed on C38C6.6 dsRNA in 
the first experiment, with 100% of worms displaying the same phenotype in the second 
experiment. This variation could again be due to the effectiveness of RNAi and changes 
in temperature during the experiment, but also the potency of dsRNA induction by 
isopropylthio-ß-D-galactoside (IPTG), which has been shown to modify the penetrance 
of the RNAi phenotype (Kamath et al. 2000).
While RNAi is a useful tool to assess post-embryonic and embryonic phenotypes (Piano 
et al. 2000; Sonnichsen et al. 2005), it does not appear suitable to assess acute adult
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phenotypes for most of the genes investigated in this study. Many of the phenotypes 
observed in adults when they had been fed from LI, were not seen when adults were fed 
from L4. This could be due to a combination of the time taken for the amplification of 
dsRNA to occur within the intestinal cells and subsequent transport throughout the 
organism (systemic RNAi) (Winston et al. 2002), the turnover rate of the targeted 
protein, or the targeted protein not being expressed or essential in adult stages. For most 
genes, a reduction in mRNA levels to a critical threshold is required in order for a 
phenotype to be observed (Timmons et al. 2001). To assess acute adult phenotypes, 
worms were fed on dsRNA-producing bacteria from L4. After 24 hours, when the first 
sign of twitching was visible in unc-22(RNAi) worms, worms had already molted to the 
adult stage. A lack of observable phenotype in the adult could indicate that the critical 
threshold for genes expressed at this developmental stage had not been reached and thus 
a change in phenotype was not observed.
To better assess phenotypes in the adult stage, it would be useful to determine the 
temporal expression pattern of the gene to be targeted and hence the ideal 
developmental stage at which to deliver the dsRNA. Alternative delivery of dsRNA 
could also be used, such as soaking and in vivo expression of a transgene (Tavemarakis 
et al. 2000; Maeda et al. 2001; Johnson et al. 2005). Both methods are less labour- 
intensive than the traditional delivery method of microinjecting dsRNA (Fire et al. 
1998). The soaking method was used successfully by Maeda and colleagues (2001) to 
screen ~10, 000 C. elegans genes. Loss-of-function phenotypes observed for all of the 
genes tested phenocopied respective known null mutants (Maeda et al. 2001). 
Transgenesis offers a good alternative as it can be induced systemically or in a tissue- 
specific manner (Tavemarakis et al. 2000; Johnson et al. 2005). It is also heritable, 
allowing consistent RNAi silencing across generations. Ideally, a combination of these
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delivery methods could be used to increase the penetrance of dsRNA in the adult stage. 
This was not necessary for the initial screen conducted in this study, as only a 
preliminary indication of phenotype was required.
3.3.2 Choosing genes for further functional characterisation by assessing 
essential biological functions
The cuticle is a tough, extracellular matrix (ECM) composed primarily of 
crossed-linked collagens and is secreted by the underlying hypodermis (Johnstone 1994; 
Kramer 1997; Johnstone 2000)(Figure 1.4). It is important in providing body form to 
the worm, protection from the external environment, and locomotion, where force is 
transmitted from the body wall muscles, through the hypodermis to the cuticle (Francis 
and Waterston 1991; Hresko et al. 1999). Locomotion is essential to the survival of 
nematodes within the environments they inhabit. Worms must be able to move towards 
food sources, and away from potential pathogens or unfavourable environmental 
conditions. ZC328.1 was chosen for further functional analysis as it represented the 
only gene that resulted in a high penetrance (100%) of a motility defect in worms fed on 
this dsRNA (Table 3.2). ZC328.1(RNAi) worms also displayed a high penetrance 
(100%) of a dumpy (dpy) phenotype, which is generally associated with defects in 
cuticle formation (Johnstone et al. 1992; Levy et al. 1993; Gallo et al. 2006). Based on 
the preliminary phenotypes presented in ZC328.1(RNAi) worms, it appeared that this 
protein plays an important role in both movement and cuticle formation.
Molting is also a process essential for survival. Worms must go through several molts 
for development to occur (Lee 2002). The inability to undergo this process results in 
worms that arrest development or die due to becoming trapped in old cuticle and 
starving (Frand et al. 2005). C38C6.6 was also chosen for further functional analysis as 
worms fed on this dsRNA displayed a high penetrance of a molting defect compared
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with other genes, and was likely to be involved in this developmental process (Table 
3.2).
3.4 Conclusions
A number of essential nematode-specific genes were identified in a preliminary 
bioinformatic screen. These genes have broad roles in nematode fertility, viability 
and/or motility. Independent RNAi experiments were carried out on candidate genes to 
assess their published phenotypes. Some of the phenotypes were not repeatable, with 
additional phenotypes also being observed. From these initial experiments, two 
candidate genes, ZC328.1 and C38C6.6, were chosen for more detailed functional 
analysis.
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Chapter 4
Functional characterisation of ZC328.1: a gene involved in 
hypodermal function and cuticle formation
4.1 Introduction
The C. elegans gene, ZC328.1, was selected for further functional 
characterisation at the commencement of this study because it encodes a nematode- 
specific protein that is known to play an essential role in nematode biology. This 
chapter describes the functional characterisation of ZC328.1, which is thought to be 
essential to the process of cuticle formation.
The cuticle is a tough, extracellular matrix (ECM). It is composed primarily of crossed- 
linked collagens and non-collagenous cuticulins, which are secreted by the underlying 
hypodermis and seam cells (Johnstone 1994; Kramer 1997; Johnstone 2000). The 
cuticle is important in providing form to the worm’s body; for protection from the 
external environment; and for locomotion, during which force is transmitted from the 
body wall muscles through the hypodermis to the cuticle (Francis and Waterston 1991; 
Hresko et al. 1999). Defects in cuticle formation can arise through mutations in cuticle 
collagen genes, in enzymes involved in their processing, and in genes involved in the 
secretion of cuticle components. Mutations in such genes cause pleiotropic phenotypes 
including defects in locomotion, such as the roller phenotype (helical twisting of the 
body) (Park and Kramer 1994), gross morphological defects, such as the dumpy 
phenotype, and dissociation of cuticular structures (the blistering phenotype) (Johnstone 
2000). The structure of the cuticle varies at each developmental stage (Cox et al. 1981), 
with the expression of genes involved in cuticle formation being subject to strict spatial 
and temporal regulation (Johnstone and Barry 1996)[Chapter 1.2.2]. The details of the 
mechanism of cuticle formation and regulation, however, remain undetermined.
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4.2 Results
4.2.1 ZC328.1 encodes a small protein with four predicted transmembrane 
domains
At the commencement of this study, two algorithms predicted different gene 
structures for ZC328.1 (Figure 4.1). The GeneFinder algorithm predicted the first exon 
of ZC328.1 to be further upstream than the prediction of the Genie algorithm, resulting 
in transcripts with different 5' ends. Two sets of oligonucleotides were designed to 
amplify transcripts corresponding to either the GeneFinder or the Genie predictions for 
ZC328.1 (Table 4.1). RT-PCR was carried out on total RNA extracted from a mixed 
population of C. elegans [Chapter 2.2.3]. An amplicon of the predicted size was 
observed when using oligonucleotides designed to match the Genie prediction but not 
the GeneFinder prediction. The identity of the amplicon was confirmed by sequencing. 
The Genie prediction was further validated by analysis of an EST (yk748h4) 
corresponding to a cDNA that had a trans-splice leader (SL1) sequence. This sequence 
is trans-spliced onto the 5' ends of primary transcripts (Bektesh and Hirsh 1988; 
Bektesh et al. 1988; Blaxter and Liu 1996). Therefore, the GeneFinder prediction was 
rejected and the Genie prediction was used for further analysis.
Based on the Genie prediction, ZC328.1 encodes a predicted protein of 202 amino acids 
in length, with four transmembrane domains and no signal peptide 
(www.wormbase.org) (Figure 4.2). In addition, this protein has no regions of homology 
to known protein families, motifs or functional sites as predicted by InterProScan 
(www.ebi.ac.uk/InterProScan). Using a cut off expect value of 10'5, homology searches 
revealed that this protein has no significant similarity to proteins from organisms 
outside of the Nematoda [Appendix B].
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Figure 4.1. Schematic representation of the predicted gene structure for the ZC328.1 gene.
(A) GeneFinder program predicts ZC328.1 to have a large first intron and different first exon 
compared to the Genie program in (B), which predicts a smaller first intron. Both gene models 
predict the same coding region for exons 2 - 4 .  Arrows denote position of oligonucleotides 
designed to amplify each predicted transcript (Table 4.1).
Table 4.1. Oligonucleotides designed to amplify either the GeneFinder prediction 
or the Genie prediction for the ZC328.1 gene.
Primer ID Oligo Name Sequence 5' -  3' Annealing
temperature
(°C)
A ZC3.L1 TTC GCGGCCGC ATGTCTGAAAAGTTGTATTG 63
B ZC3.R1 TTC GCGGCCGC CTATCTGGTTTTGGATGACTC 67
C g-I-1031 .LI ATGCCAAACGACCGGGTGGC 58
Primer 1D corresponds to position of oligonucleotide used in Figure 4.1.
COOH
Outside 34 92
Predicted
membrane
domains
Inside
Figure 4.2. Predicted protein structure fo r ZC328.1. The ZC328.1 transcript encodes a 
protein o f 202 amino acids with four predicted transmembrane domains as predicted by 
TM HM M . Numbers represent amino acid identity that delineates hydrophilic regions o f the 
protein.
4.2.2 Investigating the physiological role of ZC328.1
4.2.2(i) Knockdown ofZC328.1 expression using RNA interference results in 
defects to cuticle formation and hypodermal integrity
Preliminary RNAi feeding experiments conducted against ZC328.1 revealed 
defects in locomotion and cuticle formation [Chapter 3.3]. To confirm and characterise 
the phenotype of ZC328.1, RNAi feeding experiments were extended using various 
strains of C. elegans [Chapter 2.2.8(ii)]. A range of phenotypes was observed (Table 4.2 
and Figure 4.3).
When synchronised wild-type LI C. elegans were fed on bacteria induced to express 
dsRNA corresponding to fne ZC328.1 ORF, 65% of worms developed at a slightly 
slower rate (Slo phenotype; approximately 2hrs behind) and 99.8% had difficulty 
moving (Unc phenotype) compared with control worms (n=438; Figure 4.4). Worms 
were able to move in a sinusoidal manner but could not progress forward or backward. 
This phenotype progressed after further exposure to dsRNA and the worms became 
paralysed. This was evident by the lack of bacterial lawn surrounding the worm and the 
clump of eggs laid in close proximity (Figure 4.4C).
Polarised light microscopy was used to visualise the musculature of ZC328.1(RNAi) 
worms to determine whether the motility defect was due to a loss of attachment between 
the longitudinal body wall muscles and the hypodermis. The body wall muscles 
appeared to be attached to the hypodermis, consistent with what was observed in control 
worms (Figure 4.5A-E). This was also confirmed using the transgenic reporter strain 
unc-27::gfp. unc-27 encodes muscle troponin I, and is expressed throughout the C. 
elegans musculature. ZC328.1 (RNAi);unc-27wgfp worms displayed the same motility 
defect seen when wild-type worms were fed on ZC328.1 dsRNA, but their muscles
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Table 4.2. Summary of RNAi phenotypes associated with feeding wild-type Lis on 
ZC328.1 dsRNA.
Percentage displaying phenotype
Hours post-seed 
Phenotype j
48 72 96
Unc 99.8 100 100
Dpy 100 100 100
Slo 65 34.6 1.5
Pvl 0 4.6 14.2
Rup 0 7.4 3.0
Cuticle defects 0.7 3.6 2.2
Lethality 0.2 0.9 28.4
Percentages are averages of different phenotypes observed in ZC328.1 (RNAi) worms during development 
(n^438). Unc, un-coordinated; Dpy, dump; slo, slow growth; Pvi, protruding vulva; Rup, ruptured vulva.
Figure 4.3. The effect of ZC328.1 knockdown on fecundity. N2 wild-type worms were fed on 
either negative control dsRNA or ZC328.1 dsRNA from the LI stage until adulthood. Gravid 
individuals were transferred to separate culture plates to allow the number of progeny produced 
per adult to be scored. ** denotes statistical significance (p<0.005, Student’s t test). Each point 
represents the progeny produced by a single hermaphrodite.
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c. Figure 4.4. Motility defects associated with 
RNAi knockdown of ZC328.1. (A) A gravid 
adult hermaphrodite fed on negative control 
dsRNA is able to move freely across the 
surface of the agar leaving sinusoidal tracks 
(arrow). (B) An L4 worm fed on ZC328.1 
dsRNA is unable to move forward or 
backwards effectively. This is evident by the 
tracks left in the bacterial lawn (arrow). (C) 
A gravid adult hermaphrodite fed on 
ZC328.1 dsRNA has become paralysed and 
eggs have accumulated around its body. 
Scale bar 50pm.
Figure 4.5. Investigating body wall muscle attachment to the hypodermis. To determine if 
the body wall muscles remained attached in ZC328.1(RNAi) worms, polarised light microscopy, 
in addition to unc-27::gfp worms, were used to visualise the musculature. (A-E) Polarised light 
micrographs. (F-G) Fluorescence micrographs of unc-27::gfp worms. (A) A light micrograph of 
the mid-region of a gravid adult hermaphrodite fed on negative control dsRNA (anterior is to 
the bottom). (B) Corresponding polarised light micrograph of worm in (A) highlighting the 
longitudinal body wall muscles that are attached to the hypodermis (arrow). (C) Light 
micrograph of a late L4 worm that has been fed on ZC328.1 dsRNA. (D) Corresponding 
polarised light micrograph of worm in (C) highlighting the longitudinal body wall muscles that 
are attached to the hypodermis (arrow). (E) A polarised light micrograph of an L4 mua-6(rh85) 
mutant showing detachment of the muscles from the body wall (arrows) (Figure from Hapiak et 
al., 2003). mua-6 encodes a cytoplasmic filament protein involved in body wall muscle cell 
attachment (Hapiak et al., 2003). (F) Fluorescent micrograph of an unc-27::gfp adult fed on 
control dsRNA showing the body wall muscles (small arrow head) and the vulval muscles 
(large arrow heads). (G) Fluorescent micrograph of an unc-27::gfp L4 worm that has been fed 
on ZC328.1 dsRNA. There is no obvious detachment of the body wall muscles. Anterior is to 
the top. Scale bars 50pm.
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were seen to be attached to the hypodermis (Figure 4.5F-G). Therefore, the motility 
defect observed was unlikely due to the detachment of the body wall muscles.
ZC328.1 is involved in cuticle formation
In addition to the motility defect, ZC328. l(RNAi) worms displayed phenotypes that 
could relate to defects in cuticle formation (Figure 4.6). All RNAi treated worms were 
shorter and less tapered at either end (Dpy phenotype) compared to control worms 
(n=438; Figure 4.6B). In some individuals, the cuticle detached from the hypodermis or 
‘blistered’ (Bli phenotype) and vacuolation or degradation of the hypodermis was seen 
(Figure 4.6C-D). In contrast to the Dpy phenotype, approximately 10% of worms had 
old cuticle wrapped around parts of the body and excessive tapering of the cuticle in the 
posterior region (Figure 4.6E-F). This was also evident in the FI progeny (n=205). The 
same spectrum of phenotypes was observed when the RNAi hypersensitive C. clegans 
strain, rrf-3(pkl426), was fed on ZC328.1 dsRNA (Table 4.3). The ultrastmcture of the 
cuticle in ZC328. l(RNAi) worms is currently being examined using transmission 
electron microscopy. This will help determine the effects of a ZC328.1 knock-down in 
the cuticle.
In order to investigate defects in cuticle formation further, col-19\:gfp worms were used. 
COL-19 is an adult-specific cuticlular collagen that is expressed in the lateral alae and 
the circumferential annuli of the cuticle (Figure 1.4); it has been used as a marker for 
changes in cuticle modification and assembly (Thein et al. 2003). Expression of col- 
19::gfp was weak and disorganized in ZC328.1(RNAi);col-19::gfp worms compared 
with controls. Expression in the alae was present but discontinuous in regions (Figure 
4.6G-H). Expression was also observed in the annuli of the lateral hypodermis but was
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Figure 4.6. ZC328.1(RNAi) worms display defects in cuticle formation. N2 wild-type and 
col-19::gfp worms were fed on either negative control dsRNA (A and G) or ZC328.1 dsRNA 
(B-F and H). A variety of defects related to cuticle formation were seen. (A) A gravid 
hermaphrodite fed on negative control dsRNA. (B) A gravid ZC328.1 (RNAi) worm that is 
severely dumpy in appearance. Anterior is to the right. (C) A worm showing blistering of the 
cuticle (arrows) around the head region. (D) L4 worms with vacuolation or degradation of the 
hypodermis (arrows). (E) A gravid hermaphrodite with severe cuticle tapering at the posterior. 
(F) The mid-region of a gravid hermaphrodite showing constrictions (arrows) caused by old 
cuticle wrapped around the body. (G) Expression of COL-19 in the lateral alae (arrow-head) 
and the circumferential annuli (double-headed arrow) of an adult fed on negative control 
dsRNA. (H) A ZC328.1(RNAi);col-19::gfp adult showing an irregular pattern of COL-19 
expression in the circumferential annuli (double-headed arrow) and in the lateral alae (arrow-
head). Scale bars 50pm.
Control(RNA i); col-19: :gf 'p \ ZC32H. 1 (RNA i);col-19::gfp
Table 4.3. Summary of RNAi phenotypes associated with feeding rrf-3(pkl426) L is
on ZC328.1 dsRNA
P ercen tage d isp lay in g  p h en o ty p e
H ou rs p ost-seed  - *  
P h en o ty p e  j
48 72 96
Unc 100 100 100
Dpy 100 100 100
Slo 65 40.4 N.D.
Pvl 0 23.0 21.2
Rup 0 23.0 25.0
Cuticle defects 0 1.9 2.0
Lethality 2.0 5.7 15.3
Percentages are averages of different phenotypes observed in ZC328.1(RNAi) worms during 
development (n=52). Unc, un-coordinated; Dpy, dumpy, Slo, slow growth; Pvl, protruding 
vulva; Rup, ruptured vulva; N.D., not done.
not linear in appearance compared with the organized patterning of the annuli seen in 
controls.
The patterning and positioning of the annular furrows on the cuticle surface is believed 
to be dictated by the formation of circumferential actin filament bundles (AFBs) in the 
hypodermis (Figure 4.7A-C) [Chapter 1.2.2] (Costa et al. 1997). To determine whether 
the disorganised cuticle patterning observed in ZC328.1(RNAi);col-19:\gfp worms was 
due to defects in AFB formation, phalloidin was used to visualise actin fibres in the 
hypodermis. ZC328.1(RNAi) worms were fixed and stained with phalloidin at Ihr time 
points, prior to, during and proceeding, the L4 to adult molt (48-53 hrs from when 
larvae were first placed on bacteria) [Chapter 2.2.14]. During this time, formation of 
AFBs was observed in control(RNAi) worms (similar to Figure 4.7E.). 50% of these 
worms displayed AFB formation at 51 and 52 hrs (n=14), with only one worm showing 
AFB formation at 53 hrs. At no time was formation of AFBs seen in ZC328.1(RNAi) 
worms. In some instances, punctate patterns of actin were seen in the hypodermis 
(Figure 4.7D), indicating that the worm was not going through the molting process. 
However, the majority of worms displayed non-specific staining where they appeared 
highly fluorescent with no distinguishable structures apparent, indicating possible 
saturation of internal tissues.
It was hypothesised that the non-specific staining with phalloidin in ZC328.1(RNAi) 
worms was due to increased permeabilsation of the cuticle. This could increase the 
exposure of internal tissues to the phalloidin compared with control(RNAi) worms. In 
order to test whether ZC328.1(RNAi) worms had defects in the barrier function of the 
cuticle, these worms were incubated in Hoechst 33258 [Chapter 2.2.15]. This is a 
membrane-impermeable dye that fluoresces when bound to DNA and thus stains nuclei
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Figure 4.7. Cuticular structures and formation of actin filament bundles (AFBs) in the 
hypodermis. (A) Schematic representation through an adult showing circumferential annuli and 
alae in relation to the hypodermis and lateral seam cells respectively. (B) Longitudinal cross- 
section through the cuticle showing the annular furrows. (C) Longitudinal cross-section through 
the cuticle showing the formation of AFBs in relation to the annular furrows. (D) An L4 
ZC328.1(RNAi) worm showing phalloidin staining of actin fibres in the longitudinal body wall 
muscles (large arrow) and in the hypodermis (arrow heads) representing unformed AFBs. (E) 
Phal loidin staining of actin in the hypodermis of a molting wild-type L4 showing formation of 
AFBs and staining of seam cell adherens junctions (arrow). Scale bar 50pm unless otherwise 
indicated. ((Figures (A-C) from McMahon et al., 2003 and (E) from Costa et a i, 19971)).
’On the day of the experiment where AFB formation was observed in control(RNAi) worms, 
confocal laser settings were not ideal and no images of these worms could be taken.
of living cells (Moribe et al. 2004). When ZC328.1 (RNAi) worms were incubated in 
buffer containing Hoechst 33258, 100% of worms showed fluorescence of nuclei 
compared with 0% of controls (n=30) (Figure 4.8). This suggests that the cuticle 
produced by ZC328.1 (RNAi) worms is highly permeable and no longer able to provide a 
protective barrier from the environment.
Next, the role of ZC328.1 in formation of the dauer cuticle and the molt from the dauer 
to the fourth-stage larvae was investigated. The dauer is a long-lived, alternative 
developmental stage of C. elegans (Figure 1.2). It is considered analogous to the 
infective larvae of many animal parasitic nematodes, which are also resistant, long-lived 
stages that arrest development (reviewed in (Riddle and Albert 1997) and (Lee 2002)). 
Dauer larvae also possess a cuticle that is structurally distinct from other life-stages 
(Figure 1.6). In addition, previous genome-wide microarray experiments carried out by 
Wang and Kim (2003) found that the expression of ZC328.1 was up-regulated prior to 
the molt from dauer to L4 (Wang and Kim 2003). RNAi experiments were carried out 
to determine the effects of knocking down ZC328.1 mRNA expression during the molt 
into, and out of, the dauer stage [Chapter 2.2.11]. Dauer larvae can be recognised by 
their reduced motility, lack of pharyngeal pumping, thin morphology and an increase in 
darkly stained intestinal granules (Figure 4.9A-B). daf-2(el370) worms become dauers 
at the restrictive temperature of 25°C. Firstly, to test whether ZC328.1 was required for 
formation of the dauer cuticle or the molt from the L2 stage to the dauer, daf-2(el370) 
worms were grown at 25°C and fed on ZC328.1 dsRNA. 100% of ZC328.1 (RNAi); daf- 
2(el370) worms cultivated at 25°C were able to molt from the L2 stage to the dauer. 
This was indicated by their constricted pharynx and increase in darkly stained intestinal 
granules, suggesting that ZC328.1 is not required for this molt. 98% of these worms, 
however, appeared dumpy compared with controls (n=100) (Figure 4.9C-D). A number
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Figure 4.8. ZC328.1(RNAi) worms show penetration of the dye, Hoechst. Hoechst 33258 is a 
membrane-impermeable dye that fluoresces when bound to DNA and thus stains nuclei of cells. 
Negative control(RNAi) worms incubated in buffer containing Hoechst do not show nuclear 
fluorescence (A-B). The only fluorescence visible is intestinal auto-fluorescence (arrows). In 
contrast, ZC328.1 (RNAi) worms incubated in buffer containing Hoeschst show nuclear staining 
in the head and body (C - D)(small arrows). Again, intestinal auto-fluorescence is also seen 
(large arrows). Scale bar 50pm.
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Figure 4.9. ZC328.1(RNAi);daf-2(el370) worms are able to form dauers but are dumpy in 
appearance, daf-2 (el 370) worms were fed on either negative control dsRNA or ZC328.1 
dsRNA for 2 days at 25°C to determine the effects of knocking down ZC328.1 on the dauer 
larvae. (A - B) Worms fed on negative control dsRNA that have molted to the dauer stage. The 
worm in (A) shows the characteristic thin body morphology and darkly stained intestine of the 
dauer larvae. A scanning electron micrograph of a similarly treated worm in (B) shows the 
internal cuticular block that closes the mouth of the non-feeding dauer. (C - D) Worms fed on 
ZC328.1 dsRNA that have molted to the dauer stage. The worm in (C) is slightly dumpy in 
appearance. A scanning electron micrograph of a similarly treated worm in (D). Although the 
mouth of this dauer larvae cannot be seen, it shows anterior characteristics that are similar to the 
closure of the mouth seen in dauer larvae. (E) A wild-type third-stage worm showing 
characteristic morphology for this developmental stage. The intestine does not contain a large 
number of darkly stained intestinal granules. (F) A scanning electron micrograph of a wild-type 
adult showing what the open mouth of a feeding larval stage would resemble. Scale bars 50pm 
unless otherwise stated.
of worms also had blistering of the cuticle, which looked as though outer layers of 
cuticle had separated from inner layers (Figure 4.10). Ultra-structural analysis revealed 
that ZC328.1 (RNAi);daf-2(el370) had gross structural defects in their cuticles (Figure 
4.11). The striated, basal layer of the cuticle was present, but had collapsed in some 
regions with the striations no longer being present. The cortical layer was wider and had 
a granular appearance compared with control(RNAi);daf-2(el370) worms. In some 
regions the cortical layer showed the accumulation of unidentified material or was 
absent. In addition, the epicuticle was present but had separated and was disjointed. The 
placement of the epicuticle was also mis-specified as it was within the cortical layer. 
Further, ZC328.1(RNAi);daf-2(el370) worms did not have any alae, as seen in 
control(RNAi);daf-2(el370) worms (Figure 4.12A). The integrity of the hypodermis 
appeared to be maintained, however, there was an accumulation of small vesicle-like 
structures not observed in control(RNAi);daf-2(el370) worms (Figure 4.11A and 4.12). 
The outer sheath, which is thought to be the retained L2 cuticle (Cassada and Russell 
1975), remained intact.
To test the integrity of the cuticle, ZC328.1 (RNAi);daf-2(e1370) womis were exposed 
to 1% SDS, which is lethal to all non-dauer stages [Chapter 2.2.1 l(i)]. Dauer larvae are 
resistant to SDS due to the absence of pharyngeal pumping and the presence of a 
thickened and specialised cuticle structure (Figure 1.6) (Cassada and Russell 1975). 
When ZC328.1(RNAi);daf-2(el370) worms were exposed to SDS, all worms died 
within 30 minutes (n=100). In contrast, control (RNAi) ;daf-2 (el370) worms remained 
viable and were resistant to SDS under these conditions (n=100). This suggests that the 
ultra-structural defects observed in ZC328.1 (RNAi); daf-2(e1370) dauers allow 
penetration of SDS and affect the barrier function of the cuticle.
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Figure 4.10. ZC328.1(RNAi);daf-2(el370) dauers also display blistering or separation of 
cuticle layers. Nomarski micrographs of ZC328.l(RNAi);daf-2(e 1370) worms fed for two days 
at 25°C that have molted to dauers. The worm in (A) shows blistering of the cuticle (arrows) 
where it appears that outside layers have separated from inner layers (arrow-heads). (B) Tail 
region of a worm showing separation of the outside cuticle (arrow) from an inner cuticle layer 
(arrow-head). Scale bar 50pm.
Figure 4.11. Transmission electron micrographs of the dauer cuticle in
ZC328.1(RNAi);daf-2(el370) worms. Images are cross-sections. (A - B) The striated, basal 
layer (St) is present, but has collapsed in some regions or is not present. The cortical layer (Co) 
is wider compared with control(RNAi);daf-2(el370) worms and has accumulated unidentified 
material (**). The epicuticle (Ep) is also present, but has separated and is disjointed. In 
addition, it lies within the cortical layer. There are also small, vesicle-like structures within the 
hypodermis (arrows). Scale bars 1 pm.
Figure 4.12. Transmission electron micrographs of the dauer cuticle in control(RNAi);daf- 
2(el370) worms. Images are cross-sections. (A) Dauer-specific alae showing the retained L2 
sheath. (B) The ordered structure of the cuticle overlying the muscles. Ep, epicuticle; Co, 
cortical layer; St, striated, basal layer; Hyp, hypodermis. Scale bars 1 pm.
Next, to determine whether ZC328.1 (RNAi);daf-2(el370) worms were able to recover 
from the dauer state and continue normal development, worms were shifted to the 
permissive temperature of 15°C. 99% of worms appeared small, clear and sick, with 
only one worm successfully reaching the adult stage (n=98). Approximately 30% of 
these worms had also died. All of the worms that were clear and sick in appearance had 
blistering of the cuticle, and in several cases, two to three layers of cuticle had separated 
(Figure 4.13). These worms still appeared to be dauers as they had a constricted 
pharynx and retained darkly stained intestinal granules similar to dauer larvae (Figure 
4.13).
ZC328.1 is involved in maintaining epithelial integrity
In addition to defects in cuticle formation, ZC328.1(RNAi) worms displayed 
deficiencies in maintaining hypodermal integrity. As ZC328.1(RNAi) hermaphrodites 
reached gravidity, the vulva began to protrude and eventually ruptured, leading to death 
(Figure 4.14A-B). This suggests a failure in maintaining cell-cell contact between the 
vulval epithelium and the seam cells (Newman et al. 2000). Seam cells are specialised 
hypodermal cells that lie along the apical midline of the hypodermis. They are involved 
in the secretion of the tail structure in the male, called rays, and of the lateral alae in the 
cuticle (Figures 1.4 and 1.8). First, in order to investigate the effect of ZC328.1 RNAi 
on male tail formation, him-8(el489) males were fed on ZC328.1 dsRNA. 
ZC328.1 (RNAi);him-8(e1349) males displayed abnormalities in formation of the 
sensory rays. The rays did not fully extend and the cuticular fan was reduced in size 
compared with controls (Figure 4.14C-D). Second, to investigate seam cell dysfunction 
in ZC328.1(RNAi) worms, several transgenic reporter strains of C. elegans were fed on 
ZC328.1 dsRNA from the LI stage. SCMv.gfp and dlg-lwgfp worms express GFP in the
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Figure 4.13. ZC328A(RNAi);daf-2(el370) dauers appear unable to continue normal 
development. ZC328.1 (RNAi);daf-2(el370) dauers were shifted to 15°C for three days to allow 
recovery from the dauer state and continuation of normal development. The worm in (A) has 
not molted to the L4 stage, but instead remains within layers of cuticle that have separated in 
some regions (arrows). This worm also appears to still have a constricted pharynx and dark 
intestine (i). (B) The tail region of the worm in (A) showing several layers of cuticle that have 
separated (arrows). Scale bars 50pm.
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Figure 4.14. ZC328.1(RNAi) worms display defects in epithelial integrity and seam cell 
function. (A-B) ZC328.1 (RNAi) adults that display either a ruptured vulva where the intestine 
has begun to be expelled (A) or a protruding vulva shown by the scanning electron micrograph 
in (B). This suggests a loss of cell-cell contact between the vulval epithelium and the seam cells. 
The seam cells are also responsible for secretion of the ray structures in the male tail. To 
determine if these were affected by a knockdown in ZC328.1, him-8(el489) worms were fed 
ZC328.1 dsRNA. (C) A fully developed male copulatory bursa from a control(RNAi);him- 
8(el489) worm. The sensory rays (*) and spicules are fully developed. There are nine bilateral 
pairs of sensory rays. NB only half of them are denoted here. (D) A male copulatory bursa from 
a ZC328.1 (RNAi);him-8(el489) worm. The sensory rays are small (*) with many 
indistinguishable. The spicules appear fully developed. There is also blistering of the cuticle 
(arrow-head). Scale bars 50pm.
nuclei and at the apical surface of seam cells respectively (Koh and Rothman 2001; 
McMahon et al. 2001). ZC328. l(RNAi);SCM::gfp worms did not show any 
abnormalities in the division or number of seam cells specified throughout development 
(Figure 4.15A-B). ZC328.1 (RNAi);dlg-l::gfp worms, however, displayed abnormalities 
in seam cell fusion and morphology in the adult (Figure 4.15C-D). The seam syncytium 
did not maintain its linear appearance and failed to fuse in 70% of worms (n=15). In 
some cases (~20%; n=9), the alae secreted by the seam cells were also found to 
bifurcate (Figure 4.16).
ZC328.1 does not act in the PXF-1 signalling pathway
The ZC328.1 RNAi phenotypes are similar to those of pxf-1 (pkl 331) and rap- 
l(pk2082) mutants, pxf-1 encodes a guanine nucleotide exchange factor that specifically 
activates RAP-1 and RAP-2. This pathway is thought to be involved in the maintenance 
of epithelial integrity and polarised secretion in the hypodermis (Pellis-van Berkel et al. 
2005). pxf-l(pkl331) and rap-1 (pk2082) mutant worms are dumpy, have a disorganised 
cuticle and abnormal seam cell and alae morphology. Further, they have problems 
molting and often die during adulthood due to a ruptured vulva (Pellis-van Berkel et al. 
2005). To determine whether ZC328.1 potentially interacts genetically with pxf-1, pxf- 
l(pkl331) mutants were fed on ZC328.1 dsRNA. All pxf-l(pkl331) mutants fed on 
negative control dsRNA were dumpy (n=115), similar to wild-type worms fed on 
ZC328.1 dsRNA. ZC328.1 (RNAi);pxf-l (pkl 331) worms, however, all displayed the 
characteristic motility defect observed with a reduction in ZC328.1 expression, as well 
as cuticular defects, such as blistering and rupturing of the vulva (n=90). In addition, 
these worms were dumpier when compared with pxf-1 (pkl 331) mutants fed on negative
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Figure 4.15. Investigating seam cell integrity and formation in ZC328.1(RNAi) worms.
SCMr.gfp and dlg-l::gfp worms were fed on either negative control dsRNA or ZC328.1 dsRNA 
to investigate defects in seam cell division and fusion respectively. All images are fluorescent 
confocal micrographs. (A) -  (B) SCMr.gfp L4 worms fed on negative control dsRNA (A) or 
ZC328.1 dsRNA (B) showing expression of GFP in seam cell nuclei and the pharynx. No defect 
in the number of seam cells is apparent. (C) A control(RNAi);dlg-l::gfp adult showing 
expression of GFP in the seam cell syncytium around the mid region of the worm (anterior to 
left). (D) The anterior region of a ZC328.1(RNAi)\dlg-l::gfp adult showing discontinous 
expression of GFP in the seam syncytium (arrows) suggesting a failure in maintaining or 
establishing cell-cell contact. A failure in seam cell fusion was observed in approximately 70% 
of ZC328.1 (RNAi) worms (n=l 5). sc, seam cell. Scale bar 50pm.
Control(RNAi) ZC328.1(RNAi)
Figure 4.16. Bifurcation of the lateral alae is observed in some ZC328.1(RNAi) worms. The
surface of N2 wild-type worms was examined using scanning electron microscopy to 
investigate defects in seam cell function. (A) The lateral alae of a wild-type adult fed on 
negative control dsRNA showing the tri-laminar ridges that form the alae of an adult (enlarged 
in (C)). (B) An adult fed on ZC328.1 dsRNA showing bifurcation of the lateral alae (arrows) 
(enlarged in (D)). This defect in alae formation was observed in approximately 20% of 
ZC328.1 (RNAi) worms (n=9). Scale bars 20p.m.
control dsRNA. These results suggest that ZC328.1 most likely acts in a pathway 
independent of PXF-1.
4.2.2(H) The expression of collagens and genes involved in cuticle formation 
and function are affected by a reduction in ZC328.1 transcript
Microarray analysis was performed to investigate which genes and biological 
pathways were affected by a knockdown in ZC328.1 expression. Total RNA was 
extracted from ZC328.1(RNAi) worms and complementary RNA (cRNA) was 
synthesised [Chapter 2.2.19]. This cRNA was then hybridised onto C. elegans whole 
genome oligo arrays (purchased from the Genome Sequencing Centre, St Louis). Four 
biological repeats were completed, which incorporated two dye swaps. One hundred 
and twenty-seven genes were identified as being either up-regulated or down-regulated 
in at least three out of four of the biological repeats. Thirty-six were identified as being 
down-regulated upon ZC328.1 mRNA knockdown (Table 4.4; Appendix C) and 91 
were identified as up-regulated (Table 4.5; Appendix C).
Since RNAi was used in these experiments, which relies on the specificity between the 
siRNAs generated from the target transcript (Figure 1.10), there is the potential for ‘off- 
target’ effects, where sequence identity between an siRNA and a random mRNA results 
in the targeting of a non-specific transcript. Such effects have been observed in 
Drosophila and mammalian systems (Jackson et al. 2003; Ma et al. 2006). To 
determine if any of the genes identified as being down-regulated in ZC328.1 (RNAi) 
worms could be due to off-target effects, a Blastn search for short, nearly exact matches 
was conducted using the ZC328.1 coding region used as the RNAi trigger, against the 
C. elegans non-redundant sequence database (www.ncbi.nlm.nih.gov/BLAST/). The 
ZC328.1 coding region was found to have 18 and 17 nucleotide regions of identity to 
several mRNA transcripts (Table 4.6). None of these transcripts were found to be down-
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Table 4.4. Summary of genes identified as being down-regulated in ZC328.1(RNAi) 
worms.
Group Number of 
genes
Example Predicted function/s1
M a j o r  sp e r m  p r o te in s 4 m s p - 4 5 I n v o l v e d  in s p e r m  m o t i l i t y
V ite l lo g e n in s 5 v i t - 4 Y o l k  p r o t e i n s ,  i n v o lv e d  in l ip id  t r a n s p o r t
C o l la g e n s 17 c o l - 1 9 S t r u c tu r a l  c o m p o n e n t s  o f  t h e  e x t r a  
c e l l u l a r  m a t r i x
U n cla ss i f ied  a n d  o r p h a n  
g e n e s
10 a b u - 6 V a r i a b l e  ( S e e  A p p e n d i x  C )
Information obtained from Wormbase WS158 (www.wormbase.org).
Table 4.5. Summary of genes identified as being up-regulated in ZC328.1(RNAi) 
worms
G r o u p N u m b e r  o f  
g e n e s
E x a m p le P r e d ic te d  f u n c t io n /s 1
C o l la g e n s  a n d  cu t ic le 13 d p y - 1 1 S t r u c tu r a l  c o m p o n e n t s  o f  t h e  e x t r a c e l l u l a r
a ss o c ia te d m a t r i x  a n d  c u t i c l e  f o r m a t i o n
D e fe n c e  a n d  im m u n it y  
re lated
11 c n c - 2 D e f e n c e  a g a i n s t  p a t h o g e n s
T r a n s p o r t  an d  
m e ta b o l is m
16 n c x - 2 T r a n s p o r t  a n d  m e t a b o l i s m
S ig n a l l in g 10 n l p - 2 8 S i g n a l l i n g
P r o te o ly s is  an d  
p e p t id o ly s is
5 c / i - 2 P r o t e o l y s i s  a n d  p e p t i d o l y s i s
N u c le ic  a c id  b in d in g 6 t i p - ] "N u cle ic  a c i d  b i n d i n g
U n c la ss i f ie d  a n d  
o r p h a n  g e n e s
2 5 F 5 3 A 9 . 8 V a r i a b l e  a n d  u n k n o w n  ( S e e  A p p e n d i x  C )
Information obtained from Wormbase WS158 (www.wormbase.org).
Table 4.6. Identity of mRNA transcripts with short, exact matches to the ZC328.1 
mRNA transcript ______________________________
T arget gene Length o f identity (nucleotides)
C08H9.13 18
vab-10 17
K12G11.6 17
Y57G11C.46 17
Y48G1A.1 17
C18E9.8 17
mls-2 17
B0035.11 17
PPS-1 17
Table 4.7. RNAi phenotypes of genes identified as being down-regulated upon 
ZC328.1 knockdown.
T arget gene N2 phenotype/s rrf-3(pkl426) phenotype/s
pCBl 9* Wt n=100 Wt n=12
unc-22* Twitching, Prl n=100 Twitching, Prl n=3
ZC328.1 * Dpy, Unc, Bli, Pvl, Rup n=100 Dpy, Unc, Bli, Pvl, Rup n=43
C44B12.1 Wt n=100 Wt n=42
C03A7.7 Wt n=100 Clr (10%) n=21
F54F7.3 Wt n=100 Clr (30%) n=33
F32B5.1 Wt n=100 Wt
00rrIIc
ZK512.7 Wt n=100 Clr (13%) n=54
F53H4.2 Wt n=100 Wt n=54
F23D12.1 Wt n=100 Wt n=l
C55B7.4 Wt
ooIFc Wt
•^rmIIc
R12E2.14 Wt n=100 Wt n=5
*Control genes. Wt, wildtype; Prl, paralysed; Dpy, dumpy; Unc, un-coordinated; Bli, blistered; 
Pvl, protruding vulvae; Rup, ruptured vulvae.
regulated in ZC328.1(RNAi) worms, which suggests that the phenotypes observed in 
these worms were unlikely to be due to the targeting of non-specific transcripts.
Many of the genes identified as down-regulated encode cuticle collagens and proteins 
co-temporally expressed with collagens, such as C44B12.1, F54F7.3, ZK512.7, and 
F53H4.2 (Kim et al. 2001). Many of the cuticle collagen genes, such as col-38 and col- 
122, also present RNAi phenotypes similar to ZC328.1 (RNAi) worms, such as motility 
defects (unc) and a dumpy body shape (www.wormbase.org). In addition, a number of 
genes encoding proteins from the major sperm protein family and vitellogenins were 
also identified as down-regulated (Table 4.4; Appendix C). RNAi of the major sperm 
protein genes does not result in any obvious changes in phenotype, while RNAi of the 
vitellogenins results in embryonic lethality, slow growth and age related defects 
(www.wormbase.org). These phenotypes are not observed in ZC328.1(RNAi) worms. 
This suggests that the apparent down-regulation of these vitellogenins and sperm 
protein genes may be due to secondary affects, such as the slight developmental delay 
observed between ZC328.1(RNAi) and control(RNAi) worms.
A large number of genes were also identified as being up-regulated in ZC328.1(RNAi) 
worms. Many encode proteins of unknown function, proteins involved in signalling, and 
proteins involved in cuticle formation (Table 4.5; Appendix C). A number of these 
proteins are involved in cation transport, such as NCX-2 and NHX-6. An up-regulation 
of these proteins may reflect the inability of the epithelia in ZC328.1 (RNAi) worms to 
maintain cellular homeostasis. In addition, several genes encode proteins involved in 
defence-related responses, such as the caenacins, which are known to be up-regulated 
upon microbial attack (Mallo et al. 2002; Gravato-Nobre and Hodgkin 2005).
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ZC328.1 (RNAi) worms showed no obvious signs of being under microbial or bacterial 
attack.
To determine if some of the genes identified as being down-regulated in 
ZC328.1(RNAi) worms were potentially involved in the same process and would result 
in the same/similar phenotype, several genes were targeted by RNAi. ZK512.7 and 
F54F7.3, which are reported to be co-expressed with other collagens and genes involved 
in cuticle formation, were chosen (Jiang et al. 2001), as well as F53H4.2, which 
contains a domain architecture similar to BLI-4, a serine endoprotease of the 
kex2/subtilisin class that is required for larval viability and stable adhesion of the adult 
cuticle (Peters et al. 1991; Thacker et al. 1995). Feeding synchronised N2 and rrf- 
3(pkl426) Lis on dsRNA corresponding to these genes did not result in any phenotypes 
that were similar to those of ZC328.1(RNAi) worms (Table 4.7). This suggests that 
either these genes do not function in the same biological pathway as ZC328.1, that they 
may carry out redundant functions, or they may not be sensitive to RNAi by feeding.
4.2.2(iii) ZC328.1 is expressed in the hypodermis and other epithelia where its 
expression cycles during development
The spatial expression of ZC328.1 was examined using a transcriptional and a 
translational GFP reporter construct [Chapter 2.2.16]. Transgenic C. elegans expressing 
the ZC328.1::gfp transcriptional transgene (wt027) displayed GFP expression in the 
developing hypodermis of mid and late stage embryos (Figure 4.17). GFP expression 
was also observed throughout development until the fourth-stage larva. At no time was 
expression observed in adult stages. Expression was seen exclusively in the cytoplasm 
of the hypodermis and in the vulval and anal epithelium (Figure 4.18A-D). Strong 
expression was also observed in the seam cells. No nuclear expression was observed.
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Figure 4.17. Confocal micrographs of developing embryos carrying a transcriptional 
ZC328.1::gfp transgene (wt027). (A) Expression was seen in several cells of a multi-nuclear 
embryo within the cytoplasm. (B) A 1.75 fold stage embryo with expression in the hypodermal 
cells. (C) Expression in the hypodermal cells of a 3-fold stage embryo. Scale bars 20pm.
Figure 4.18. Confocal micrographs of C. elegans strain wt027 carrying a transcriptional 
ZC328.1::gfp transgene. (A -  B) Expression in the L4 hypodermis (hyp) and seam cells (sc). 
Expression in the vulval epithelium is also shown (ve). Yellow fluorescence is intestinal 
auto fluorescence. C. The same L4 worm in A and B showing a different focal plane of the 
vulva. (D) Expression in the anal epithelium (ae). (E) Expression in dividing seam cells (sc) of 
an L3 worm. (F) Hypodermal expression in an L4 worm showing aggregates of GFP (arrows). 
Scale bars 10pm or as indicated.
Transgenic C. elegans expressing the ZC328.lv.gfp translational transgene (wt030) also 
displayed GFP expression in the epithelia, but also at the seam cell boundary, the 
excretory pore and potentially in the annuli of the cuticle (Figure 4.19). All of these 
tissues are either covered by cuticle, involved in cuticle synthesis and secretion, or form 
part of the cuticle (Johnstone 1994; Kramer 1994; Kramer 1997). ZC328.1 expression 
was not observed in the pharynx, which is lined by cuticle containing specialised 
structures not present in other cuticles, such as the body cuticle (Albertson and 
Thomson 1975). This indicates that ZC328.1 is not present or involved in formation of 
these specialised structures.
To investigate the temporal expression of ZC328.1, semi-quantitative RT-PCR was 
performed on total RNA extracted from wild-type C. elegans every two hours during 
development from four hours post-hatch until adulthood [Chapter 2.2.18]. As control 
transcripts, the C. elegans genes ama-1 and sqt-1 were used, ama-1 encodes RNA 
polymerase 11 (Bird and Riddle 1989). It has been shown previously that expression 
levels of ama-1 remain relatively constant throughout development, and therefore this is 
an appropriate control gene for comparing expression levels of a target gene during 
different stages of the worm life-cycle (Johnstone and Barry 1996; Gissendanner et al. 
2004; Hashmi et al. 2004). sqt-1 encodes a cuticle collagen that is up-regulated 
approximately two hours prior to each larval molt (Johnstone and Barry 1996). This 
gene serves as an internal control for the approximate time of each molt, as worms used 
for the developmental time-course were not observed under the microscope to 
determine the time of molting. The expression of ZC328.1 was found to rise and fall 
throughout development, broadly peaking at 12, 20, 26 and 36 hours post-hatch, which 
is prior to each larval molt (Figure 4.20). This expression pattern was similar to that of 
sqt-1 mRNA, which peaked approximately two hours after each ZC328.1 peak
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Figure 4.19. Fluorescent confocal micrographs of C. elegans strain wt030 carrying a 
translational ZC328.1::gfp transgene. (A) An L4 worm expressing GFP in the hypodermal 
cells (hyp), the excretory pore (exc), the vulval epithelium (ve) and the anal epithelium (ae). (B) 
An L4 worm showing GFP expression in the hypodermis (hyp), at the seam cell (sc) boundary 
and potentially in the annuli of the cuticle (an; double-headed arrow). Scale bars as indicated.
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Figure 4.20. Analysis of the temporal expression of ZC328.1 mRNA. (A) Multiplex RT-PCR 
amplification o f ZC328.1 and ama-1, which encodes RNA polymerase II. (B) Mulitplex RT- 
PCR amplification o f the collagen gene sqt-1, and ama-1. M, DNA marker; Numbers represent 
the total RNA sample used for each reaction, where 4 is total RNA extracted from worms 4 
hours after hatching and so forth. (C) The average ratios from five biological repeats o f 
ZC328.1 and sqt-1 expression compared to ama-1 during development. The x-axis indicates the 
time in hours o f development o f the sampled worms post LI arrest.
throughout development (Figure 4.20). In addition, contrary to the findings of 
Johnstone and Barry (1996), sqt-1 was found to peak at later time-points during this 
developmental time-course. For example, Johnstone and Barry found sqt-1 to peak at 
approximately 16 hours prior to the molt from L2 to L3. This time-course, however, 
revealed sqt-1 to peak at approximately 22 hours for the same molt. This equates to a 
four-hour delay. This is not unexpected, however, as worms have been consistently 
observed to develop at a slower rate under our laboratory conditions compared to 
published developmental time courses (Wood 1988).
4.2.3. Investigating the molecular function of ZC328.1 using yeast two- 
hybrid analysis
Yeast two-hybrid experiments were conducted to identify proteins that 
potentially interact with ZC328.1. Because nuclear localisation is necessary to obtain 
reporter gene expression in the yeast two-hybrid method used, proteins with 
hydrophobic membrane domains, such as ZC328.1, may not be amenable to this 
localisation. In order to circumvent this problem, the full-length protein, in addition to 
fragments of the ZC328.1 coding sequence that excluded predicted transmembrane 
domains (Figure 4.2), were used to screen a mixed-stage C. elegans cDNA library 
[Chapter 2.2.20]. Only four of the five predicted hydrophilic regions were successfully 
cloned and used for this analysis. Eight colonies were identified that tested positive for 
an interaction with either of the ZC328.1 hydrophilic fragments (Figure 4.21). Sequence 
analysis of the interacting protein in seven of these colonies corresponded to a fragment 
of the gene T08G5.5, with the other interacting protein corresponding to the gene 
Y51F10.7. Twenty-four colonies were identified that tested positive for an interaction 
with the full-length ZC328.1 protein. Sequence analysis of the interacting protein in 
eight of these colonies corresponded to Y51F10.7, suggesting a strong interaction. 
Sequence analysis of the remaining positive colonies corresponded to pal-1. This gene
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Figure 4.21. Identification of yeast two-hybrid interactions that result in the activation of 
all three reporters. Four of the five hydrophilic fragments of ZC328.1 were used to screen 
against a C. elegans mixed-stage cDNA library. 134 colonies were identified that contain 
potential interacting proteins. These were subjected to four phenotypic tests to detect the 
activation of all three reporters. Only seven colonies (dark boxes) contained interacting proteins 
that activated all reporters. Thin boxes show controls used [Section 2.2.19(vii)], from left to 
right: Control 1 = no interaction; Control 2 = weak; Control 3 = strong; Control 4 = strong; 
Control 5 = moderate; Control 6 = moderate. -URA, media lacking uracil to assay induction of 
URA3 gene; +5-FOA, media supplemented with 5-fluoroorotic acid to assay induction of \JRA 
gene (5-FOA produces fluorouracil in the presence of uracil, which is cytotoxic); -HIS +3AT, 
media lacking histidine but containing 3-3-amino-1,2,4-triazole, to assay for induction of HIS3 
gene; X-GAL, 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside colourmetric assay to test for 
induction of lacZ gene.
-URA
+5-F0A
-HIS
+3 AT
X-GAL
encodes a homeodomain protein that often interacts in a non-specific manner with other 
proteins in yeast two-hybrid screens (Jean-Fram^ois Rual pers. comm.). This was thus 
considered a false positive and excluded from further analysis.
As a cDNA library was used, not all proteins will be full-length or in frame. The 
sequences for T08G5.5 and Y51F10.7 were transcribed in silico using the ExPASy 
Proteomics server (http://au.expasv.org/). Both were found to be in the correct frame. 
The cDNA sequence corresponding to T08G5.5 did not encode the full-length protein of 
923 amino acids. Instead, when transcribed, it encoded a region in the 3' portion of the 
predicted protein. In contrast, the cDNA corresponding to Y51F10.7 encoded the full- 
length protein of 189 amino acids.
T08G5.5 is homologous to the human protein VAM6, which is involved in lysosome 
tethering and fusion (Caplan et al. 2001). The ZC328.1 hydrophilic regions were found 
to bind to a region of TO8G5.5 that contains a clathrin heavy chain repeat (CLH) motif. 
This motif is thought to function as a clathrin- or protein-binding domain, leading to 
homo- or heterooligomerization of the proteins, much like CLH in the vesicle-coat 
protein, Clathrin (Ybe et al. 1999). RNAi of T08G5.5 results in worms that have 
ruptured vulvae, abnormal cell death and embryonic lethality (Piano et al. 2000; 
Kamath et al. 2003; Lackner et al. 2005; Sonnichsen et al. 2005). T08G5.5 was also 
found to bind to several proteins involved in protein trafficking and members of the 
Proteasome in previous yeast two-hybrid screens (Figure 4.22) (Coux 2003; Li et al. 
2004). Y51F10.7 encodes a nematode-specific protein of unknown function. This 
protein appears to belong to a family of small, secreted peptides that include C17F4.7, 
C17F4.5, F42A10.7, F42A10.6 and ZK470.6. Members of this family do not present
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Figure 4.22. Potential interaction network identified using yeast two-hybrid. Dark blue
boxes denote proteins used as baits during this study (Appendix D); Red boxes denote binding 
partners identified during this study; Teal and boxes denote binding partners
identified in the literature Li et al., 2004; Coux et al., 2003); Lines denote a positive interaction; 
numbers denote the number of times each interaction was found.
any obvious changes in phenotype when targeted by RNAi. The predicted functions of 
T08G5.5 and Y51F10.7, and the genes that they interact with, are shown in Table 4.8.
4.3 Discussion
4.3.1 Physiological function of ZC328.1
These experiments demonstrate that the tetraspan integral membrane protein, 
ZC328.1, is involved in both cuticle formation and maintaining epithelial integrity. 
Reduction in expression of ZC328.1 by RNAi results in complex phenotypic defects 
including a dumpy body shape, the inability to locomote, abnormal cuticle morphology 
and defects in seam cell function and fusion. In addition, ZC328.1 mRNA is transcribed 
in the epithelia of the nematode where it appears to be closely associated with the 
cuticle. Further, a knockdown in expression of ZC328.1 transcript results in changes in 
the expression of several cuticle collagens and genes involved in cuticle formation and 
function.
It is hypothesised that ZC328.1 resides in the epithelia in close association with the 
cuticle. Here it appears to be required for effective formation of the cuticle to occur. A 
loss of ZC328.1 during the early stages of cuticle formation when ZC328.1 is normally 
expressed may result in cuticle components either not being incorporated or being 
incorrectly incorporated into the new cuticle. This is consistent with the variety of 
RNAi defects related to cuticle dysfunction. Several lines of evidence support this 
hypothesis. Firstly, ZC328.1 is predicted to encode an integral membrane protein that is 
localised in the epithelia and at the seam cell boundary in close association with the 
cuticle. The precise localisation of the ZC328.1 protein, however, is currently under 
investigation using transmission electron microscopy (TEM). The cuticle produced by 
ZC328.1 (RNAi) worms is highly disordered. The annuli in the lateral hypodermis are
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T a b le  4 .8 . P red ic tec fu n c tio n s  o f  n e tw o r k  c o m p o n e n ts
G ene Predicted function RNAi phenotypes
ZC328.1 Unknown, membrane protein Dpy, Gro, Pvl, Rup, Bli, 
Unc, Sma
W01 A8.4 Unknown, membrane protein Emb, Bmd, Lva
Y55HIOA.1 H+-ATPase VO subunit accessory protein Lva, Lvl, Ste, Sck
T08G5.5 VAM6/VPS39 vacuolar protein Emb, Rup
F55C5.4 Unknown, contains HEAT domain
Y51F10.7 Unknown
ptl-1 Microtubule binding protein Wt
F38A5.7 Unknown Wt
gad- / Gastrulation Emb
F23B12.5 Dihydrolipoamide acetyltransferase Emb, Gro, Stp
C25G4.4 SAND domain Wt
Y66D12A,16 Unknown Wt
F44G3.9 (nhr-111) Nuclear hormone receptor Wt
Y59A8B.10 RNA-binding protein Wt
C06A5.9 (rnf-l) Ring finger protein Wt
R 166.2 Unknown membrane protein
T07C4.1 Uridine monophosphate synthetase Gro
Y48G9A.7 Unknown Wt
asali-1 Acylsphingosine aminohydrolase
iag-l Transcription factor Emb, Let, Bli, Mit, Pvl
trp-2 Ca2+ permeable cation channel Wt
Y59A8B.22 Nexin, involved in vesicular trafficking Wt
let-92 Phosphatase 2A subunit Emb, Let, Ste, Sck, Vul
ehe-1 Vesicle coat protein clathrin Emb, Ste, Adi, Let
atn-1 Actin bundling protein Emb
C06A6.2b Unknown Fat content abnormal
Y77E11 A.7c Unknown Emb, Lva, Unc, Gro, Ste, 
Pch, Pvl
sec-8 Exocyst complex subunit Dpy, Gro, Pvl, Rup, Slu, 
Sma
Proteasome
subunits
Protein degradation Emb, Gro, Lva, Lvl, Unc, 
Ste, Pvl
Based on information available in Wormbase (www.wormbase.org). Dpy, dumpy; Gro, slow
growth; Pvl, protruding vulva; Rup, ruptured vulva; Bli, blistering; Unc, un-coordinated; Emb, 
embryonic lethality; Ste, sterility; Bmd, body morphology defect; Lva, larval arrest; Wt, wild- 
type; Stp, sterile progeny; Let, larval lethal; Mit, molting defective; Sck, sick; Vul, vulvaless; 
Adi, adult lethality, Pch, patchy coloration; Slu, sluggish; Sma, small.
disorganised and the lateral alae are malformed or absent. It is this defect that is thought 
to result in the first observable phenotype seen in ZC328.1 (RNAi), which is an inability 
to move effectively over the surface of the agar due to being unable to generate 
sufficient traction. A number of cuticle collagen mutants, such as dpy-7 and dpy-3, also 
display disorganised patterning of the cuticle in addition to motility defects (Thein et al. 
2003).
Additional phenotypes observed in ZC328.1(RNAi) worms include a dumpy body 
shape, blistering and separation of cuticle layers, and severe tapering of the cuticle. 
These phenotypes are consistent with defects in cuticle formation considering that 
mutations in the collagen genes dpy-2, dpy-7, dpy-10 and dpy-13 result in worms with a 
dumpy body shape. Further, mutations in other collagen genes bli-1 and bli-2 result in 
accumulation of fluid-filled blisters that cover the body due to the loss of the medial 
layer struts in the adult (Figure 1.5) (Crew and Kramer 1998). In addition, the ultra- 
structural defects seen in ZC328. l(RNAi) dauers strongly suggest a defect in the 
synthesis of particular substructures, such as the cortical layer, and an inability to 
correctly specify cuticular layers.
The cuticle produced by ZC328.1(RNAi) worms is also highly permeable, indicating a 
loss of the protective barrier function of the cuticle. ZC328.1(RNAi) worms exposed to 
the membrane-impermeable dye, Hoechst 33258, show staining of the nuclei, and 
ZC328.1(RNAi) dauers are sensitive to a 1% SDS treatment. A defect in the barrier 
function of the cuticle is also supported by the up-regulation of a number of genes 
involved in microbial attack, such as the caenacins (Mallo et al. 2002; Gravato-Nobre 
and Hodgkin 2005). Up-regulation of these genes would help protect the worm from an 
increased susceptibility to potential pathogens.
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In addition, a knockdown in ZC328.1 mRNA results in the up-regulation of glycerol-3- 
phosphate-dehydrogenase (GPDH) (Lamitina et al. 2006), which catalyses the rate 
limiting step of glycerol biosynthesis. The accumulation of glycerol has been shown to 
protect C. elegans against hypertonic stress (Lamitina et al. 2004; Lamitina et al. 2006). 
This suggests that ZC328.1 (RNAi) worms are unable to maintain some aspects of 
cellular homeostasis. This is supported by the up-regulation of five cation transporters 
in ZC328.1(RNAi) worms, some of which may play a role in the regulation of 
intracellular pH and sodium homeostasis (Nehrke 2003). Whether or not ZC328.1 
contributes directly to a hypertonic stress-responsive pathway is not known. Several 
collagens, such as DPY-7 and DPY-10, along with other proteins thought to be 
associated with the cuticle, have also been shown to play a role in this stress response 
(Lamitina et al. 2006; Wheeler and Thomas 2006). It is thought that the defect in the 
barrier function of the cuticle in ZC328.1(RNAi) worms is the most likely cause of 
disrupted cellular homeostasis.
ZC328.1 may also play an indirect role in maintaining epithelial integrity. 
ZC328.1 (RNAi) worms show a failure in seam cell fusion, which indicates problems 
with either maintaining or establishing cell-cell contact. This failure is also evident in 
worms with ruptured vulvae, indicative of a loss of cell-cell contact between the vulval 
epithelium and the seam cells (Newman et al. 2000). A failure in seam cell fusion is 
also seen in dpy-14 mutant worms (Gallo et al. 2006). dpy-14 encodes an essential 
cuticular collagen. This suggest that the failure to maintain epithelial integrity in 
ZC328.1(RNAi) worms may be due indirect effects, such as the structural defects and 
altered patterning of the cuticle, which are likely to affect the stabilisation of tissues in 
close association.
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A difference in phenotype between ZC328. l(RNAi) worms and mutations in genes that 
are required for the attachment of the epithelia to the cuticle further supports an indirect 
role for ZC328.1 in maintaining epithelial integrity. Epithelial components such as 
MUP-4 and MUA-3 are known to be essential for the attachment of the apical epithelial 
surface to the cuticle (Figure 1.3)(Bercher et al. 2001; Hong et al. 2001). The absence 
of these proteins results in failed embryonic morphogenesis and post-embryonic 
paralysis. Paralysis is due to the loss of mechanical coupling between the muscles and 
the cuticle, where the body wall muscles no longer remain attached. These phenotypes 
are not observed in ZC328.1(RNAi) worms.
4.3.2 What is the molecular function of ZC328.1?
If ZC328.1 resides within the epithelia to aid in the correct formation of the 
cuticle, it does so by an unknown mechanism. ZC328.1 appears to act independently 
from other proteins thought to be involved in the secretion of cuticle components by 
epithelial cells, such as the Rap-pathway controlled by PXF-1. PXF-1 encodes the 
guanine nucleotide exchange factor PDZ-GEF, which specifically activates RAP1 and 
RAP2, two Ras-like GTPases (Pellis-van Berkel et al. 2005). The cuticle secreted by 
pxf-1 mutants is disorganized, with hypodermal degeneration seen in later stages 
leading to a collapsed vulva and lethality (Pellis-van Berkel et al. 2005). The authors 
demonstrate that the pxf-l/rap signalling pathway is important in the maintenance of 
hypodermal integrity and possibly for the polarized secretion of cuticular components. 
ZC328.1 does not appear to be involved in the same pathway, as ZC3281(RNAi);pxf- 
l(pkl331) worms display phenotypes which can be attributed to the knockdown of each 
gene independently [Section 4.2.2(i)]. This indicates that these genes do not share an 
epistatic relationship, that is, the phenotypes of one gene does not mask the phenotypes 
of the other (Huang and Sternberg 1995).
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In addition, ZC328.1 does not appear to be involved in the direct transport of cuticle 
components to the apical surface of the epithelia. The gene sec-23 is required for the 
secretion of cuticle components. It encodes a component of coat protein complex II 
(COPII)-coated vesicles, which are involved in transport from the endoplasmic 
reticulum (ER) to the golgi (Figure 4.23) (Roberts et al. 2003). sec-23(RNAi) worms 
display a fragile cuticle that often ruptures upon handling and an inability to shed old 
cuticle. The cuticle surface is disorganised, and collagens such as DPY-7 are retained 
within the hypodermis instead of being secreted. Embryonic lethality is also seen due to 
an inability to secrete a functional first cuticle. Therefore, the differences observed in 
phenotypes between sec-23 and ZC328.1 (RNAi) worms indicate that ZC328.1 is 
probably not essential for the trafficking of cuticle components to the apical membrane, 
as RNAi of ZC328.1 does not cause embryonic lethality or cuticle fragility. As RNAi 
was used for these experiments, which often does not result in a complete loss-of- 
function phenotype, worms that contain a null mutation in ZC328.1 would need to be 
examined to fully discount an essential role for ZC328.1 in the secretory pathway. A 
deletion mutant of ZC328.1 (allele tml388) became available during the course of this 
study. It was reported to be lethal or sterile. Upon preliminary examination of this 
strain, worms appeared comparable to wild-type in morphology and movement and 
produce similar levels of progeny. This strain, however, has not been genetically 
balanced or out-crossed and the exact nature of the deletion is unknown.
How then, might ZC328.1 carry out an important function in cuticle formation? 
ZC328.1 was found to have a strong interaction with T08G5.5 and Y51F10.7 in yeast 
cells, at least. To first confirm the interaction of ZC328.1 with either of these two 
proteins and determine if the interactions are biologically relevant, co-localisation of
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Figure 4.23. Schematic model of vesicle trafficking pathways. Transport between organelles 
and the plasma membrane is mediated by a variety of vesicles, such as lysosomes, endosomes 
and secretory vesicles. Vesicle formation is driven by specific vesicle coat protein complexes 
(shown in coloured boxes) (Figure from Grant et al., 2006).
ZC328.1 with T08G5.5 and Y51F10.7 in vivo is currently being pursued. Translational 
fusions of T08G5.5 and Y51F10.7 to CFP are being generated. These will be co-
transformed with a translational fusion of ZC328.1 fused to YFP to generate transgenic 
worms. This may reveal whether ZC328.1 is localised to the same tissues as T08G5.5 
and Y51F10.7. To determine the proximity of these proteins to each other and to 
confirm their interaction, fluorescence resonance energy transfer (FRET) will also be 
attempted. Further, RNAi of either T08G5.5 or Y51F10.7 could be carried out in 
ZC328.1 ::gfp worms (wt030) to determine if an absence of either of these proteins 
affects the localisation of ZC328.1.
If ZC328.1 interacts with T08G5.5 in vivo, it may act to mediate fusion events of 
transport vesicles carrying cuticle components to the apical epithelial membrane. 
T08G5.5 is homologous to the human protein VAM6 (FIs VAM6). Hs VAM6 is 
involved in homooligomerization, and clustering and fusion of intermediate vesicles 
with lysosomes in human HeLa cells (Caplan et al. 2001). Both Hs VAM6 and 
T08G5.5 are homologous to the yeast protein VAM6/VPS39. This protein is localised 
to vacuole membranes, the structural equivalent of lysosomes, and is involved in the 
initial tethering steps of pre-vacuole compartments to form mature vacuoles (Nakamura 
et al. 1997; Price et al. 2000; Price et al. 2000; Wurmser et al. 2000). VAM6/VPS39 
has been shown to complex with other proteins, such as VPS41, involved in the initial 
docking and fusion of vesicles (Nakamura et al. 1997; Price et al. 2000). Here it acts as 
an effector of the vacuolar Rab-like GTPase, Ypt7, which then mediates the stable 
association of vacuoles prior to fusion (Price et al. 2000; Wurmser et al. 2000). It is 
interesting to note that the C. elegans homologue of VPS41, C12D5.5, is up-regulated 
in response to a reduction of ZC328.1 expression. Phenotypic and expression data 
suggest a role for ZC328.1 in the formation of the cuticle, and hence the secretory
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pathway. It is possible that T08G5.5 is present on the surface of secretory lysosomes, 
which function as both a degradative and secretory compartment in some secretory cells 
(Blott and Griffiths 2002). The presence of such lysosomes in the C. elegans 
hypodermis, however, has not been reported. In concert with T08G5.5, ZC328.1 may be 
involved in the initial tethering or docking of T08G5.5-vesicles to the apical surface of 
the hypodermis where cuticle components are released. An absence of ZC328.1 may 
lead to an unstable association of these vesicles with the plasma membrane, which 
would result in cuticle components not being incorporated into the new cuticle, 
consistent with the variety of RNAi defects related to cuticle dysfunction and the 
accumulation of vesicle-like structures seen in ZC328.1(RNAi);daf-2(el370) worms.
In addition, it is possible that ZC328.1 is carrying out these functions independently of 
T08G5.5, as suggested by their RNAi phenotypes. Feeding N2 worms on T08G5.5 
dsRNA results in worms that display a ruptured vulva, similar to that seen in 
ZC328. l(RNAi) worms, but also embryonic lethality (Piano et al. 2000; Kamath et al. 
2003; Sonnichsen et al. 2005). Further, T08G5.5(RNAi) worms do not display any other 
phenotypes related to defects in cuticle formation. ZC328.1 may be involved in apical 
transport of cuticle components independent of vesicles, such as by associating with 
lipid rafts, similar to the tetraspan protein VIP17/MAL in mammalian epithelial cells 
(Cheong et al. 1999). Any involvement of lipid rafts in cuticle secretion in C. elegans 
has not yet been determined. If ZC328.1 is associating with transport vesicles or lipid 
rafts in vivo, this should be apparent when examining immuno-gold labelled ultra-thin 
sections of C. elegans using TEM.
ZC328.1 may carry out its role in cuticle formation in conjunction with Y51F10.7. 
Y51F10.7 encodes a small, secreted peptide of unknown function. Although highly
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speculative, this protein may be secreted to the cuticle where it forms part of the 
cuticular substructure. Here it may act to stabilise ZC328.1 in the epithelial membrane 
to help facilitate the link between the epithelia and the cuticle. Localisation studies 
currently being carried out may confirm whether Y51F10.7 is secreted to the cuticle and 
if it is in close association with ZC328.1.
ZC328.1 encodes a nematode-specific protein. Potential orthologues have already been 
identified in a number of parasitic species across the Phylum [Appendix B and D]. It is 
thought that ZC328.1 and its orthologues may have evolved to adapt the complex 
process of cuticle formation to the specialised requirements of the nematode cuticle. 
This process is essential to the development and viability of all nematodes. Having 
novel ways to regulate the formation of the cuticle, which remains the primary 
protective barrier, allows greater flexibility when dealing with environmental changes 
and host immune attack. It is likely that many more nematode-specific proteins are 
involved in the process of cuticle formation. Identification of these proteins will provide 
further insight into how formation of complex extracellular matrices, such as the 
nematode cuticle, are modified to suite the requirements of the organism.
4.4 Conclusions
ZC328.1 is a nematode-specific protein involved in the maintenance of epithelial 
integrity and formation of the cuticle. It appears to interact with T08G5.5, homologs of 
which are localised to vesicle membranes in other organisms. In addition, ZC328.1 
appears to interact with Y51F10.7, a secreted protein of unknown function. In order to 
determine the specific role of ZC328.1, the sub-cellular localisations of ZC328.1 with 
T08G5.5 and Y51F10.7, and their putative interactions respectively, needs to be 
resolved in greater detail.
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Chapter 5
Functional characterisation of C38C6.6, a gene involved in
development and molting
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5.1 Introduction
The C. elegans gene C38C6.6 was selected for further functional 
characterisation at the commencement of this study because it encodes a nematode- 
specific protein that is known to play an essential role in nematode biology. This 
chapter describes the functional characterisation of C38C6.6, which I propose be re-
named MLT-12 (MoLTing defective), as this protein is thought to play an important 
role in molting and development.
Molting is an essential process in all nematodes and other Ecdysozoa, including 
arthropods, which go through several molts during growth and development (Lee 2002). 
Molting occurs in a number of co-ordinated steps. The new cuticle is synthesised 
beneath the old by the underlying hypodermal and seam cells (Johnstone 1994; Kramer 
1997). During this process, the old cuticle detaches in a process known as apolysis. This 
coincides with a period of inactivity, where locomotion and pharyngeal pumping cease, 
called lethargus (Singh and Sulston 1978). Finally, the worm escapes from the old 
cuticle in a process known as ecdysis (Singh and Sulston 1978).
Molting defects can arise from the reduced activity of several nuclear hormone 
receptors, genes involved in sterol metabolism or function, and a number of proteases 
involved in cuticle degradation (Kostrouchova et al. 1998; Yochem et al. 1999; Asahina 
et al. 2000; Kostrouchova et al. 2001; Kuervers et al. 2003; Davis et al. 2004; 
Fernandez et al. 2004; Hashmi et al. 2004; Hao et al. 2006). Molting defects are also 
observed when there is reduced activity of the four published members within the mit 
gene class (Frand et al. 2005). These genes are mlt-8, mlt-9, mlt-10 and mlt-11. The
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molecular function of these genes, however, is unknown. As will be described in this 
chapter, mlt-12 displays similar characteristics to other genes involved in molting.
5.2 Results
5.2.1. mlt-12 encodes a 605 amino acid protein of unknown function
At the commencement of this study, two algorithms predicted differing gene 
structures for mlt-12 (Figure 5.1). Within the genomic region overlapping the cosmids 
F19H8 and C38C6, the GeneFinder algorithm predicted two genes (Figure 5.1). One 
gene encompassed five exons and predicted the C38C6.6 transcript, while the other 
encompassed nine exons and predicted the F19H8.5 transcript. In contrast, the Genie 
algorithm predicted one gene within this same region. This gene encompassed 13 exons 
and predicted a larger C38C6.6 transcript. Several pairs of oligonucleotides were 
designed to amplify transcripts corresponding to either the GeneFinder or the Genie 
predictions (Table 5.2). RT-PCR was carried out on total RNA extracted from a mixed 
population of C. elegans, but no amplicons were recovered. The expression of mlt-12 
peaks during the L4 stage (Jiang et al. 2001). RT-PCR experiments were therefore 
repeated using total RNA from L4 worms. Amplicons of the expected size were 
observed when using oligonucleotides specific for the GeneFinder predictions for mlt- 
12 and F19H8.5 but not for the Genie predicted mlt-12. The identities of the amplicons 
were confirmed by sequencing. The GeneFinder prediction for mlt-12 was further 
validated by analysis of an EST (ykl417c05) corresponding to a cDNA that had a trans- 
splice leader (SL1) sequence. This sequence is trans-spliced onto the 5' ends of primary 
transcripts (Bektesh and Hirsh 1988; Bektesh et al. 1988; Blaxter and Liu 1996). 
Therefore, the Genie gene structure was rejected and the GeneFinder gene structure was 
used for further analysis.
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Figure 5.1. Gene structure of mlt-12 as predicted by GeneFinder and Genie. GeneFinder 
predicted two separate transcripts in the genomic region of the F19H8 and C38C6 cosmids, 
while Genie predicted one long transcript. Red boxes denote exons that are shared between the 
predictions: black boxes denote exons that differ between predictions. Arrows denote placement 
of oligonucleotide primers used to confirm either prediction (Table 5.1).
Table 5.1. Oligonucleotides designed to amplify either the GeneFinder model or 
the Genie model for mlt-12.
Primer ID Oligo name Sequence 5’ -  3’ Annealing
temperature
(°C)
A F19.R1 TTAACATTCATCGAACGACG 48
B g-113460. L1 ATGAAAGAGGCGAAGCTGAG 52
C g-II-3460.L2 ATCGAAAACATCGCGTATCC 50
D C38.L1 ATGCGGAGAAGAGTTCTCCT 52
E g-II-3460.R1 TCAACCTCTGACCGTATTCA 50
mlt-12 encodes a predicted protein of 605 amino acids with a cleavable signal peptide 
and a region of low complexity at the carboxyl terminus (Figure 5.2). To determine if 
MLT-12 contains predicted phosphorylation sites, the amino acid sequence was queried 
against the PROSITE database (http://au.expasy.org/prosite/). Several phosphorylation 
sites were predicted. To establish which of these predicted sites were conserved 
amongst MLT-12 and its homologues, the PROSITE results were cross-referenced 
against multiple sequence alignments (Figure 11.8). At least two predicted protein 
kinase C phosphorylation sites were found to be conserved within MLT-12 and its 
homologues (Figure 5.2). In addition, the subcellular localisation of MLT-12 is 
predicted to be extracellular (PSORT; http://psort.nibb.ac.ip). Extracellular proteins 
often contain disulphide bridges that play an important role in folding and stability of 
the protein. To predict whether such bonds were present in MLT-12, the amino acid 
sequence was queried against the DISULFIND prediction software (Ceroni et al. 2006). 
No disulphide bonds were predicted to be present in MLT-12. Further, this protein has 
no regions of homology to known protein families, domains or functional sites as 
predicted by InterProScan (www.ebi.ac.uk/InterProScan). Using a cut off expect value 
of 10', basic homology searches revealed that MLT-12 does not contain significant 
similarity to proteins in organisms outside of the Nematoda [Appendix B]. To identify 
proteins that may contain weak similarity to MLT-12, a PSI-BLAST (Position-Specific 
Iterated BLAST) was conducted. PSI-BLAST is a program that combines statistically 
significant BLAST alignments into a position-specific score matrix and uses this matrix 
to search the protein databases (Altschul et al. 1997; Schaffer et al. 2001). Using this 
method, the amino terminus of MLT-12 was found to have weak similarity to many 
putative tyrosine kinases of bacteria (Figure 5.3).
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Figure 5.2. Predicted amino acid sequence of MLT-12. mlt-12 encodes a protein of 605 
amino acids in length with five exons (light green bars) and a cleavable signal peptide 
underlined in RED (SignalP). Underlined sequence in BLUE denotes predicted Protein Kinase 
C phosphorylation sites that are conserved in MLT-12 and its homologues. Light grey bar 
denotes a predicted segment of low complexity. Screen capture from www.wormbase.org.
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qi 83570612 ref ZP 00922056.; COC3206: Uncharacterized prote... 44.3 0.016
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Figure 5.3. Graphical output of PSI-BLAST results for MLT-12. (A) Colour key of 
alignment scores of proteins that contain weak similarity to MLT-12 (Query sequence). Note 
the first two protein hits (in red) are to the C. elegans and C. briggsae proteins. (B) Sequence 
identity of hits with weak similarity to MLT-12, not including the C. elegans and C. briggsae 
proteins. Alphanumericals highlighted in blue correspond to the Genbank identifier of each hit.
5.2.2. Investigating the physiological role of MLT-12
5.2.2(i) Knockdown in mlt-12 expression using RNA interference results in 
developmental and molting defects
Preliminary RNAi feeding experiments conducted to target mlt-12 mRNA 
revealed defects in development and molting [Chapter 3.3]. To confirm and characterise 
the phenotype of mlt-12, RNAi feeding experiments were extended using various strains 
of C. elegans [Chapter 2.2.8(ii)]. A range of phenotypes was observed (Table 5.2 and 
Figure 5.4).
When synchronised wild-type LI C. elegans were fed on bacteria induced to express 
dsRNA corresponding to mlt-12, a large proportion (~83%) of worms were small and 
clear in appearance compared with controls after 48 hours (n=444) (Figure 5.4B). Some 
of these worms were also trapped inside old cuticle (14%). After 72 hours of feeding on 
mlt-12 dsRNA, these worms arrested as L3s with many displaying a molting defect 
(39%). These worms eventually died. The molting defect manifested itself as worms 
being either fully enclosed in cuticle (Figure 5.4B-C), or still attached to the pharyngeal 
cuticle (Figure 5.4D). Some worms were found to be enclosed in two cuticles (Figure 
5.4E-F). The ultrastructure of the cuticle in mit-12(RNAi) worms is currently being 
examined using transmission electron microscopy to determine the effects of mlt-12 
knock-down in these worms. Low level mortality (<5%), not associated with an obvious 
molting defect, was also observed. Those worms that did reach gravidity (~3%) were 
clear in appearance and retained eggs, which eventually hatched internally (Figure 
5.4G-H). As a consequence, adults produced few, if any, progeny. The same spectrum 
of phenotypes was observed when the RNAi hypersensitive C. elegans strain, rrf- 
3(pkl426), was fed on mlt-12 dsRNA (n=201). mlt-12(RNAi);rrf-3(pkl426) worms 
displayed an increase in mortality (~20%) and worms that were unable to complete the
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Table 5.2. Summary of RNAi phenotypes associated with feeding wild-type L is on 
mit-12 dsRNA.
Percentage displaying phenotype
Hours post-seed -* 
Phenotype |
4 8 72 9 6
S lo 50 17 N .D .
Clr 63 82 93
Mit 14 39 33
L ethality 0.6 3 29
Egl 0 3.2 N .D .
W ild - ty p e 17 1.2 2
Percentages are averages of different phenotypes observed in mit-12(RNAi) worms during development 
(n=444). Slo, slow growth; Clr, clear intestine; Mit, molting defective; Egl, egg-laying defective; N.D., 
not done.
Figure 5.4. Light and Nomarski micrographs of N2 Lis fed on negative control dsRNA (A) 
or mlt-12 dsRNA (B-H). (A) Gravid hermaphrodite after 3 days of feeding on dsRNA. (B) L3 
worm stuck inside old cuticle (small arrow) after 3 days of feeding on dsRNA. Arrowhead 
denotes anterior tip of worm. (C) L3 worm stuck inside old cuticle where the buccal plug lining 
the pharynx has been expelled (arrow). (D) Gravid adult stuck inside old cuticle where the 
buccal plug has not been expelled and remains attached to the pharynx (arrow). (E - F) A late 
stage larva that has become trapped inside two cuticles. (G) A gravid hermaphrodite stuck 
inside old cuticle (arrows) where an egg has been laid and hatched within. (H) Magnified view 
of the uterus of a gravid hermaphrodite. Eggs have been retained (e). with some hatched inside 
(1). Lis are evident by the distinct zig-zag pattern of the intestine. Scale bars 50pm unless 
otherwise indicated.
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molt (-70%). In addition, the FI progeny produced by rrf-3(pkI426) adults displayed 
molting defects. 35% of FI progeny were encased in LI cuticle, with 4% of these 
having died as Lis, possibly before hatching (n=100). Upon my request, a mutant strain 
of mlt-12 (VC945) has become available in which the larvae arrest development and die 
(The C. elegans Gene Knockout Consortium). This strain, however, has not been 
analysed in detail and the site of the deletion has not yet been confirmed.
MLT-12 does not appear to play a role in lipid storage
One of the most penetrant phenotypes (-40-60%) observed in mlt-12(RNAi) worms was 
a clear appearance due to a lack of darkly stained intestinal granules. The intestine is the 
principal storage site for fat (Ashrafi et al. 2003), which provides a major source of 
energy in the worm (McKay et al. 2003). A reduction in fat storage may lead to worms 
with reduced energy, which are then unable to free themselves from the previous cuticle 
during the molting process. To determine if the clear phenotype was due to a reduction 
in fat storage, mlt-12(RNAi) worms were stained with the vital dye, Nile Red, which is 
taken up by intestinal cells and incorporated into fat droplets [Chapter 2.2.12] (Ashrafi 
et al. 2003). There was no observable difference between the Nile Red staining of 
control(RNAi) worms compared with mlt-12(RNAi) worms, suggesting that mlt-12 does 
not play a role in lipid storage (Figure 5.5).
The molting defect observed in mlt-12(RNAi) worms appears to be cholesterol-
independent
It is well known that the FI progeny of worms grown on cholesterol-free media are 
unable to complete the molting process and have problems shedding cuticle (Yochem et
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Figure 5.5. Nile Red staining of control(RNAi) and mlt-12(RNAi) worms. (A) Brightfield 
micrograph of a control(RNAi) L4 worm showing the dark appearance of the intestine (i). (B) 
The fluorescent image of Nile Red staining in intestine of the same worm in (A). (C) Brightfield 
micrograph of a mlt-12(RNAi) L3 worm showing the light or 'patchy’ appearance of the 
intestine (i ). (D) The fluorescent image of Nile Red staining in the intestine of the same worm 
shown in (C). Arrows indicate areas of staining that correspond to dark intestinal granules.N.B. 
fluorescence seen is specific for Nile Red and not autofluorescence of the intestine. Scale bar 
50pm.
al. 1999). This resembles the phenotype of 40-60% of mlt-12(RNAi) worms. To 
determine whether the molting defect is sensitive to cholesterol depletion, worms were 
grown on cholesterol-free media [Chapter 2.2.10]. Wild-type N2 worms were grown on 
the same media, but fed on OP50 E. coli instead of RNAi bacteria. Approximately 18% 
of FI progeny produced by wild-type N2 worms fed on OP50 E. coli under cholesterol- 
free conditions displayed molting defects and were trapped within old cuticle (n=215). 
Progeny produced by N2 worms fed on RNAi bacteria induced to express control 
dsRNA did not show this defect, nor was there an increase in the number of FI progeny 
produced by mit-12(RNAi) worms that displayed molting defects. Therefore, while it 
was confirmed that cholesterol-depletion results in a similar molting defect to mlt- 
12(RNAi) worms, these experiments were not successful under the conditions used, and 
it was not clear whether MLT-12 is cholesterol-dependent.
To further investigate the potential role of cholesterol and MLT-12, mit-12(RNAi) 
worms were compared with Irp-l(RNAi) worms, lrp-1 encodes a low-density 
lipoprotein receptor involved in the transport of exogenous cholesterol across the cuticle 
(Yochem et al. 1999). lrp-1 (RNAi) worms display blistering of the cuticle and cuticular 
constrictions caused by an inability to effectively escape from the previous cuticle 
(~12%) (n=273) (Figure 5.6A-B). lrp-1 null mutants do, however, become encased in 
old cuticle similar to mlt-12(RNAi) worms (Figure 5.6C)(Yochem et al. 1999). The 
differences observed between mit-12(RNAi) and lrp-1 (RNAi) worms suggest that these 
genes encode proteins that are unlikely to act in the same pathway.
I l l
Figure 5.6. Nomarski micrographs of molting phenotypes observed in Irp-l(RNAi) worms 
and null mutants (szTl). (A-B) An L3 and L4 Irp-l(RNAi) worm, respectively, showing 
constrictions (arrows) caused by failure to shed the previous cuticle correctly. (C) An szTl 
homozygous mutant for lrp-1 that has been stuck in the previous cuticle. Arrowhead points to 
the buccal plug that has been expelled from the pharynx. Image from Yochem et al., (1999). 
Scale bars 50pm in A and B and 20pm in C.
mlt-12(RNAi) worms have defects in cuticle formation
In addition to the molting defect observed in mlt-l2(RNAi) worms, those larvae that 
reached adulthood had severe folding of the cuticle and were dumpy in appearance, 
suggesting defects in cuticle formation (Figure 5.7). This defect was investigated further 
by determining the effects of knocking down mit-12 in the dauer larvae, which possess a 
structurally different cuticle from the other life-stages (Figure 1.6). Dauer larvae can be 
recognised by their reduced motility, lack of pharyngeal pumping, thin morphology and 
an increase in darkly stained intestinal granules. daf-2(el370) worms become dauers at 
25°C. When cultivated at this temperature, 100% of mlt-12(RNAi);daf-2(el370) worms 
were able to molt from L2 to dauer (n=110), as indicated by their constricted pharynx 
and increase in darkly stained intestinal granules (Figure 5.8). 65% of mlt- 
12(RNAi);daf-2(el370) worms, however, appeared slightly smaller and dumpy 
compared with controls (Figure 5.8).
To test the integrity of the cuticle, mlt-12(RNAi);daf-2(el370) worms were exposed to 
1% SDS [Chapter 2.2.1 l(i)]. Dauer larvae are resistant to SDS due to the absence of 
pharyngeal pumping and the presence of a thickened cuticle (Cassada and Russell 
1975). When mlt-12(RNAi);daf-2(e1370) worms were exposed to SDS, all worms died 
within 30 minutes (n=100). In contrast, control(RNAi);daf-2(e!370) worms remained 
viable and were resistant to SDS under these conditions (n=100). This suggests that mlt- 
12(RNAi);daf-2(el370) dauers have a defective dauer cuticle that allows penetration of 
SDS.
To determine whether mlt-12(RNAi);daf-2(el370) worms were able to recover from the 
dauer state and continue normal development, worms were shifted to 15°C. After three
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Figure 5.7. Nomarski micrographs 
of adults fed on mlt-12 dsRNA 
from the LI stage. (A) An N2 adult 
hermaphrodite displaying the egl 
phenotype where eggs (e) are 
retained within the uterus. This worm 
is also extremely dumpy and still has 
the pharyngeal cuticle (c) attached at 
the anterior end. (B) A him-8(el489) 
male worm with a contracted 
posterior enclosed within the 
previous cuticle (c). Cb, copulatory 
bursa. (C) A col-19::gfp worm 
enclosed within a previous cuticle (c) 
that is still attached at the pharynx 
(p). (D) Fluorescent micrograph of 
the same worm showing GFP 
fluorescence in the adult cuticle, but 
not the previous stage cuticle that is 
still attached. Scale bars 50pm.
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Figure 5.8. daf-2(el370) worms fed on dsRNA-producing bacteria for 2 days at the 
restrictive temperature of 25°C. (A) A worm fed on control dsRNA that has molted to the 
dauer stage. (B) A worm fed on control dsRNA that has molted to the dauer stage showing 
constriction of the isthmus and terminal bulb and dark appearance of the intestine (i). (C) Worm 
fed on mit-12 dsRNA that has molted to the dauer stage but is slightly dumpy in appearance. 
(D) A worm fed on mit-12 dsRNA showing the constricted pharynx and dark appearance of the 
intestine (i) typical of dauer larvae. (E - F) A third-stage worm showing characteristic 
morphology for this developmental stage. (F) The terminal bulb of the pharynx and the lumen 
of the intestine (i) are not constricted. In addition, the intestine does not contain a large number 
of darkly stained intestinal granules when compared with dauer larvae (A - D). Scale bars 
50pm.
days, approximately 98% of worms appeared small and clear, with only 2% having 
obviously molted to reach the L4 or adult stage (n=49). A small proportion of the latter 
(-10%) also died. Almost 100% of worms that were small and clear had a normal 
appearing pharynx, but still retained highly refractile granules and darkly stained 
intestinal granules similar to dauer larvae (Figure 5.9). Further, the small, clear worms 
did not show the characteristic ventral “patch” seen in L4 larvae where the gonad and 
vulva are developing. This suggests that mlt-12(RNAi);daf-2(el370) worms may have 
begun to recover from the dauer stage, but were unable to complete the process.
5.2.2(H) mlt-12 is expressed in a variety of tissues where its expression cycles 
during development
The spatial expression of mlt-12 was examined using a GFP reporter construct 
that contained 1500bp of sequence upstream of the translational start codon, the signal 
peptide and the first exon and intron [Chapter 2.2.16]. Transgenic C. elegans expressing 
the C38C6.6v.gfp transgene (wt026) displayed GFP expression in the hypodermis of 
developing embryos as early as the 3-fold stage (Figure 5.10A-B). GFP expression was 
also observed during post-embryonic development in the main body hypodermis and 
seam cells, with strong expression seen in the head and tail regions (Figure 5.10C-D). 
Weak GFP expression was also seen in the lateral alae and annuli of the cuticle (Figure 
5.10E). This result, however, should be interpreted with caution, as expression in the 
annuli can sometimes result from an optical artefact, especially when the signal is weak. 
In addition, strong GFP expression was observed in two unidentified cell bodies that lie 
on the ventral side of the body behind the terminal bulb of the pharynx (Figure 5.1 OF). 
Expression in these cells was observed as early as the L2 stage. It is not known whether 
these cells express GFP in the embryo or the LI stage. During the adult stage, wt026 
worms also show expression of GFP in several unidentified cells that form part of the 
nerve ring, including the cell bodies and processes, and in neurons of the ventral nerve
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Figure 5.9. Nomarski micrographs of mlt-12(RNAi);daf-2(el370) worms grown at the 
permissive temperature of 15°C for 3 days. (A-B) Worms that no longer have a constricted 
pharynx, but have retained refractile material and darkly stained intestinal granules (i). These 
worms did not display the characteristic "patch” seen near the developing vulva of L4 worms. 
Scale 50pm.
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Figure 5.10. Fluorescent micrographs of mlt-12::gfp (wt026 strain) expression in the 
hypodermis and cuticle. (A -  B) Expression in the hypodermis of a 3-fold stage embryo. 
Images are of the same embryo at different focal planes. (C) Expression in the main body 
hypodermis (hyp) and seam cells (sc) of an L4 worm. Expression is also seen in the vulval 
muscles (vm). Yellow fluorescence is auto-fluorescent intestinal granules. (D) High levels of 
GFP expression in the head and tail hypodermis (hyp) of an L4 worm. (E) Potential expression 
seen in the cuticle, including the alae (triangle) and annuli (double-headed arrow). (F) High 
levels of GFP expression in two unidentified cell bodies (*) that lie ventral and behind the 
terminal bulb (tb) of the pharynx. Scale bars 50pm.
cord (VNC) (Figure 5.11A-B). Expression was also seen in the vulval muscles of L4s 
and adults (Figures 5.11C).
To investigate the temporal expression of mit-12, semi-quantitative RT-PCR was 
performed on total RNA extracted from a synchronised population of wild-type C. 
elegans every two hours until adulthood [Chapter 2.2.18]. The primer pairs used to 
amplify mit-12 and ama-1 were not compatible in multiplex reactions, as neither 
transcript was amplified efficiently. Thus, amplifications were carried out in separate 
PCR reactions. This, therefore, reduced the sensitivity and ability to produce a ratio of 
the expression of mit-12 compared with ama-1. As control transcripts, the C. elegans 
genes ama-1 and sqt-1 were used, ama-1 encodes RNA polymerase II (Bird and Riddle 
1989). It has been shown previously that expression levels of ama-1 remain relatively 
constant throughout development, and therefore this is an appropriate control gene for 
comparative analysis during different stages of the worm life-cycle (Johnstone and 
Barry 1996; Gissendanner et al. 2004; Hashmi et al. 2004). sqt-1 encodes a cuticle 
collagen that is up-regulated approximately two hours prior to each larval molt and 
serves as an internal control for the approximate time of each molt (Johnstone and Barry 
1996). The expression of mlt-12 mRNA was found to cycle during development, 
peaking at approximately 12, 24, 28 and 32-36 hours post-hatch. This expression 
pattern was similar to that of sqt-1 mRNA, which peaked at approximately 12-14, 22, 
28 and 34-36 hours post-hatch (Figure 5.12). The spatial and temporal expression 
patterns suggest that MLT-12 is required in the hypodermis, and possibly other tissues, 
around the time of cuticle formation.
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Figure 5.11. Fluorescent micrographs of mlt-12::gfp expression in the nervous system and 
the vulval muscles. (A) Expression in unidentified neurons (arrow) in the nerve ring of an 
adult. Asterisks denote cell bodies. (B) Expression in the ventral nerve cord (VNC) and vulval 
muscles (vtn) of an adult. (C) Ventral view of expression seen in the vulval muscles (vm) of a 
late L4. (D) Schematic representation showing the relationship of the vulval muscles (vm) to the 
vulva and neurons of the VNC (Figure from www.wormatlas.org). Scale bars 50pm.
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Figure 5.12. Analysis of the temporal expression of mlt-12 mRNA. (A) Semi-quantitative 
RT-PCR amplification of mlt-12 (m) and amu-1 (a) mRNA, which encodes RNA polymerase II. 
M, DNA marker; Numbers represent the total RNA sample used for each reaction, where 4 is 
total RNA extracted from worms 4 hours after hatching, and so forth. (B) The average ratios of 
mlt-12 and sqt-1 mRNA expression compared with ama-1 during development.
5.2.2(iii) The hypodermal expression of MLT-12 is involved in the molting 
defect
To determine if the molting defect observed in mlt-12(RNAi) worms was due to 
the hypodermal expression of MLT-12, a transgenic line (wt098) expressing a mit-12 
RNAi hairpin (hp) was analysed (this strain was kindly provided by Dr Nick Johnson). 
The mlt-12hp was under the control of the noah-2 gene promoter, which is believed to 
be expressed exclusively within the hypodermis (Wise 2006). While the overall 
penetrance of mlt-12 phenotypes was reduced in wt098 worms compared with worms 
fed on mlt-12 dsRNA, approximately 12.1% of worms (n=157) displayed the 
characteristic molting defect (Figure 5.13). This suggests that the activity of MLT-12 
within the hypodermis and the cuticle where MLT-12 is secreted comprises its main 
role in molting.
5.2.2(iv) A knockdown in mlt-12 expression affects the expression of genes 
involved in signalling
Microarray analysis was performed to investigate which genes and biological 
pathways were affected by a knockdown in mlt-12 expression. Total RNA was extracted 
from mlt-12(RNAi) worms and complementary RNA (cRNA) was synthesised [Chapter 
2.2.19]. This cRNA was then hybridised onto C. elegans whole genome oligo arrays 
(purchased from the Genome Sequencing Centre, St Louis). Four biological repeats 
were completed, which incorporated two dye swaps. 86 genes were identified as being 
differentially expressed in at least three out of four of the biological repeats. 30 genes 
were identified as being down-regulated upon mlt-12 mRNA knockdown (Table 5.3) 
and 56 were identified as up-regulated (Table 5.4).
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Figure 5.13. A light micrograph of a wt098 adult showing the characteristic molting defect 
observed in mlt-l2(RNAi) worms. This worm contains a mlt-12 RNAi hairpin driven by the 
noah-2 gene promoter, noah-2 is expressed exclusively within the hypodermis of C. elegans 
{Wise, 2006 #491}. This adult has been able to develop to the adult stage as indicated by the 
embryos present in the gonads (e), but has become encased in the previous cuticle. Scale bar 
50pm.
Table 5.3. Summary of genes identified as being down-regulated in m!t-12(RNAi) 
worms.
G r o u p N u m b e r  o f  
g e n e s
E x a m p l e P r e d i c t e d  f u n c t i o n / s 1
C u t i c l e  a n d  c u t i c l e  
a s s o c i a t e d
3 c o l - 1 9 S t r u c tu r a l  c o m p o n e n t s  o f  t h e  e x t r a  c e l l u l a r  
m a t r i x
M e t a b o l i s m 2 a c l - 6 M e t a b o l i s m
S i g n a l l i n g 4 p t r - 1 7 S t e r o id  s i g n a l l i n g
P r o t e o l y s i s  a n d  
p e p t i d o l y s i s
2 n a s - 3 9 P r o t e o ly s i s  a n d  p e p t i d o l y s i s
N u c l e i c  a c i d  b i n d i n g 4 s e t - 2 N u c l e i c  a c i d  b i n d i n g
P r o t e in  b i o s y n t h e s i s 2 r p l - 1 7 R i b o s o m a l  p r o t e i n s
U n c l a s s i f i e d  o r  o r p h a n  
g e n e
12 a c t - 4 V a r i a b l e  ( S e e  A p p e n d i x  C )
Information obtained from Wormbase WS158 (www.wormbase.org).
Table 5.4. Summary of genes identified as being up-regulated in m!t-12(RNAi) 
worms.
G r o u p N u m b e r  o f  g e n e s E x a m p l e
P r e d i c t e d  f u n c t i o n / s 1
D e f e n c e  a n d  i m m u n i t y  r e la t e d 9 c n c - 2 P r o t e c t i o n  f r o m  p a t h o g e n i c  a t t a c k
T r a n s p o r t  a n d  m e t a b o l i s m 5 a c s - 2 T r a n s p o r t  a n d  m e t a b o l i s m
P r o t e o l y s i s  a n d  p e p t i d o l y s i s 4 n a s - 1 1 P r o t e o l y s i s  a n d  p e p t i d o l y s i s
S i g n a l l i n g 8 s r d - 4 0 S i g n a l l i n g
N u c l e i c  a c id  b i n d i n g 3 C 4 6 H 1 1.6 N u c l e i c  a c i d  b i n d i n g
U n c l a s s i f i e d  o r  o r p h a n  g e n e s 2 5 Z C 3 2 8 .1 V a r i a b l e  ( S e e  A p p e n d i x  C )
Information obtained from Wormbase WS158 (www.wormbase.org).
Since RNAi was used in these experiments, which relies on the specificity between the 
siRNAs generated from the target transcript (Figure 1.10), there is the potential for ‘off- 
target’ effects, where sequence identity between an siRNA and a random mRNA may 
result in the targeting of a non-specific transcript. Such effects have been observed in 
Drosophila and mammalian systems (Jackson et al. 2003; Ma et al. 2006). To 
determine if any of the genes identified as being down-regulated in mit-12(RNAi) 
worms could be due to off-target effects, a Blastn search for short, nearly exact matches 
was conducted using the mlt-12 coding region used as the RNAi trigger against the C. 
elegans non-redundant sequence database (www.ncbi.nlm.nih.gov/BLAST/). The mlt- 
12 coding region was found to have 18-20 nucleotide regions of identity to several 
mRNA transcripts (Table 5.5). None of these were found to be down-regulated in mlt- 
12 (RNAi) worms, which suggests that the phenotypes observed in these worms were 
unlikely to be due to the targeting of non-specific transcripts.
Of the genes identified as being down-regulated in mlt-12(RNAi) worms, none had 
published RNAi phenotypes that reported molting defects. Several, such as F59B8.2, 
which encodes isocitrate dehydrogenase, and acl-6, are involved in fat metabolism and 
believed to be down-regulated due to secondary, starvation responses as a result of mlt- 
12 (RNAi) worms being encased in old cuticle and unable to feed. A large number of 
genes were also identified as being up-regulated in mlt-12(RNAi) worms (Table 5.4; 
Table 9.4 Appendix C). Many encode proteins of unknown function, with several 
encoding proteins involved in metabolism and signalling. Interestingly, as seen in 
ZC328.1(RNAi) worms [Chapter 4.2.4], several encode proteins involved in defence- 
related responses, such as the caenacins, which are up-regulated upon microbial attack 
(Mallo et al. 2002; Gravato-Nobre and Hodgkin 2005).
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Table 5.5. Identity of mRNA transcripts with short, exact matches to the mlt-12 
coding r e g i o n __________________________
T a rg et gen e L ength  o f  id en tity  (n u c leo tid es)
Y47G6A.10 20
B0393.3 19
T08D2.8 18
Y71 A12B.9 18
T24A6.2 18
unc-116 18
pqn-87 18
F54A3.1 18
Table 5.6. RNAi phenotypes of genes identified as being down-regulated upon mlt- 
12 knockdown.
C on tro l gen es T arget
gen e
N2 p h en o ty p e /s r r f -3 (p k l4 2 6 )
p h en o ty p e /s
pCB19
1
 g
o o
Wt
n=100
unc-22 Twitching (100%), prl (100%) 
n=100
Twitching (100%) ,prl 
(100%) 
n=100
mlt-12 Sma (100%), clr (82%), lva 
(100%), Ivl (3%), mit (40%) 
n=100
Sma (100%), clr (100%), 
lva (100%), Ivl (13%), mit 
(40%) 
n=100
D o w n -reg u la ted  on ptr-17 Clr (10%) Clr (9%)
m lt-1 2  k n ock d ow n n=146 n=l 1
srh-269 Slo, clr (8%) 
n=l 26
Slo. Clr (8%) 
n=51
nhr-86 Clr (8%) 
n=63
Clr (3%) 
n=80
nhr-138 Slo, clr (8%) 
n—131
Slo, clr (2%) 
n-59
nas-39 Slo, clr (10%) 
n=148
Wt
n=69
F33E11.5 Slo, clr (7%) 
n=l 51
Slo, clr (3%) 
n= 59
U p -reg u la ted  on
m lt-1 2  k n ock d o w n
srd-40 Slo, clr (35%) 
n=254
N.D.
Wt, wildtype; prl, paralysis; sma, small; clr, clear; Iva, larval arrest; Ivl, larval lethal; mit, 
molting defect, N.D., not done.
To determine if some of the genes identified as differentially expressed were potentially 
involved in the same process as MLT-12 and would result in the same/similar 
phenotype as mlt-12(RNAi) worms, several genes were targeted by RNAi. Five genes 
involved in signalling were chosen for RNAi analysis as several are thought to be 
involved in sterol responsive pathways (Kuwabara and Labouesse 2002) and RNAi of 
related nuclear hormone receptors, nhr-23 and nhr-25, results in worms displaying 
molting defects (Kostrouchova et al. 1998; Gissendanner and Sluder 2000; 
Kostrouchova et al. 2001; Silhankova et al. 2004). The protease nas-39 was also chosen 
for RNAi analysis as RNAi of the related astacin proteases, nas-36 and nas-37, results 
in worms that display molting defects (Davis et al. 2004; Suzuki et al. 2004). Feeding 
N2 and rrf-3(pkl426) Lis on bacteria induced to express dsRNA to these genes did not 
result in molting defects. A small proportion of worms did appear small and clear, 
similar to mlt-l2(RNAi) worms, but at a lower penetrance (2% - 35%) (Table 5.6). 
These results suggest that these genes are unlikely to be involved in the same biological 
pathway that affects molting in mlt-12(RNAi) worms.
5.2.3 Investigating the molecular function of MLT-12 using yeast two-hybrid 
analysis
Yeast two-hybrid experiments were conducted to identify proteins that 
potentially interact with MLT-12. The ORF of mit-12 was used to screen against a 
mixed-stage C. elegans cDNA library [Chapter 2.2.20]. Five colonies were identified as 
positive for an interaction with MLT-12 due to the activation of all three reporters. 
Sequence analysis of the prey isolated from these colonies revealed potential 
interactions with five separate proteins (Figure 5.14A). As a cDNA library was used, 
not all proteins will be full-length or in frame. The prey sequences were transcribed in 
silico using the ExPASy Proteomics server (http://au.expasv.org/). Two of the five
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Figure 5.14. Potential protein interactions identified for MLT-12 using yeast two-hybrid.
(A) Interaction map based on preliminary sequence analysis of prey proteins. (B) Potential 
interaction map after sequence analysis to determine prey proteins that were in-frame with the 
activation domain (AD). (C) Additional interactions of interest identified in the literature. Dark 
blue boxes denote proteins used as baits during this study (Appendix D); Red boxes denote 
binding partners identified during this study; Teal and boxes denote downstream
binding partners identified in the literature (Li, 2004 #202; Van Auken, 2000 #431}; Lines 
denote a positive interaction.
proteins were found to be out of frame with the activation domain (AD) (Figure 5.14A). 
These were therefore excluded from further analysis.
The three remaining proteins were RPL-9, PHP-3 and K07C5.4. rpl-9 encodes a protein 
of the large ribosomal subunit that is predicted to form a network with six other proteins 
that appear to be involved in fertility and viability. K07C5.4 encodes a predicted protein 
with homology to a ribosomal biogenesis protein, while php-3 encodes a protein 
containing a HOX domain that most likely functions as a transcription factor. PHP-3 
has been shown to interact genetically with another HOX transcription factor, NOB-1 
(Van Auken et al. 2000). In turn, NOB-1 was found to interact with RPL-17 in a 
previous large-scale yeast two-hybrid screen (Li et al. 2004). Interestingly, rpl-17 
encodes a protein of the ribosomal subunit that was identified as being down-regulated 
in mlt-12(RNAi) worms. These genes, however, encode intracellular proteins and are 
unlikely to interact with MLT-12 in vivo, as mlt-12 is predicted to encode a secreted 
protein (Section 5.2.1). This is supported by published RNAi phenotypes, which do not 
report a molting defect when the transcript of these genes is knocked down (Table 5.7).
5.3 Discussion
5.3.1 Physiological function of MLT-12
These experiments demonstrate that MLT-12 is involved in molting and 
development. LI C. elegans fed on mlt-12 dsRNA often failed to reach adulthood, 
arrested development and eventually died. Many of those that arrested were found 
encased in cuticle from a previous larval stage. In addition, mlt-12 mRNA is transcribed 
predominantly in the hypodermis where it is secreted to the cuticle. The transcription of 
MLT-12 also appears to follow a repeated pattern that corresponds to the molting cycle.
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Table 5.7. Predicted functions and RNAi phenotypes of proteins that potentially 
form an interaction network with MLT-12.
T a r g e t
t r a n s c r i p t
P r e d i c t e d  f u n c t i o n R N A i  p h e n o t y p e
m it-12 Unknown Clr, Slo, Sma, Sck, Lvl, Lva, Mit
rp l-9 Large ribosomal subunit protein, L9 Emb, Ste, Lva, Sck, Dpy
rp l-1 7 Large ribosomal subunit protein, LI 7 Emb, Lva, Gro, Ste
K07C5.4 Ribosome biogenesis protein Emb, Gro, Sma, Stp, Lva, Let, Pvl, Ste
p h p -3 HOX transcription factor Wt
nob-1 HOX transcription factor Wt
Identified in Wormbase (www.wonnbase.org). Clr, clear; Slo/Gro, slow growth; Sma, small;
Sck, sick; Lvl/Let, larval lethal; Lva, larval arrest; Mit, molting defective; Emb, embryonic 
lethality; Ste, sterile; Stp, sterile progeny; Pvl. protruding vulva; Wt, wild-type.
It is proposed that the primary function of MLT-12 is within the cuticle where it is 
important for the degradation of the cuticle at the molt. The incorrect or lack of 
incorporation of MLT-12 into the newly synthesised cuticle may render the cuticle 
resistant to the activity of proteases or other enzymes involved in its subsequent 
degradation at the molt, consistent with the molting defect observed in mlt-12(RNAi) 
worms. Several lines of evidence support this hypothesis. MLT-12 is transcribed in the 
hypodermis and seam cells, which are the primary site of cuticle synthesis (Johnstone 
1994; Kramer 1997). Consistent with its temporal expression pattern and predicted 
signal peptide, MLT-12 appears to be transported to the cuticle where it is expressed in 
the circumferential annuli and the lateral alae of the adult. This result, however, needs to 
be confirmed using a translational mlt-12::gfp fusion. In addition, mlt-12(RNAi) worms 
display defects in cuticle formation, supporting a role for MLT-12 within the cuticle. 
mlt-12(RNAi) adults and mlt-12(RNAi);daf-2(el370) are dumpy in appearance. This 
phenotype is generally associated with defects in collagen synthesis or cuticle formation 
(von Mende et al. 1988; Johnstone et al. 1992; Ko and Chow 2002; Gallo et al. 2006). 
In addition, a knockdown in the expression of some non-collagenous cuticulins in the 
dauer stage has been shown to result in dumpy worms that lack alae (Sapio et al. 2005). 
mlt-12(RNAi);daf-2(el370) dauers are also sensitive to 1% SDS, indicating that the 
cuticle they produced is highly permeable and lacks the dauer-specific properties that 
make dauer larvae resistant to SDS treatment (Cassada and Russell 1975). A defect in 
the barrier function of the cuticle is also supported by the up-regulation of a number of 
genes involved in microbial attack, such as the caenacins (Mallo et al. 2002; Gravato- 
Nobre and Hodgkin 2005). Up-regulation of these genes would help protect the worm 
from an increased susceptibility to potential pathogens.
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The idea that the absence of a cuticle component can affect molting illustrates the 
inherent link between the processes of cuticle formation and molting, both of which 
must occur in a precise and orderly manner for the worm to continue development. 
Consistent with this, a reduction in mlt-12 mRNA, as seen in RNAi worms, results in 
the up-regulation of ZC328.1 mRNA, which is also involved in cuticle formation 
(Chapter 4; Table 5.8). A number of other genes, such as col-19 and cli-2 are also 
differentially expressed in both ZC328.1 (RNAi) and mlt-12(RNAi) worms, illustrating 
the fact that ZC328.1 and MLT-12 share a biological pathway.
Does MLT-12 play additional roles during development?
It is thought that MLT-12 may have pleiotropic functions during development that are 
currently unknown. In addition to being transcribed in the hypodermis and seam cells, 
MLT-12 is transcribed in unidentified neurons that form part of the nerve ring, neurons 
in the ventral nerve cord, and the vulval muscles. Neurons and neurally expressed genes 
are generally refractory to RNAi (Tavernarakis et al. 2000), with only 12% of neurally 
expressed genes with known loss-of-function phenotypes having been targeted 
successfully using RNAi by feeding (Kamath et al. 2000; Fritz 2001; Kamath et al. 
2003; Simmer et al. 2003). It thus seems unlikely that neurally expressed mlt-12 mRNA 
is susceptible to RNAi by feeding. In collaboration with Dr Nick Johnson, several 
transgenic strains expressing a mlt-12hp under the control of several neural- and 
muscle-specific promoters will be analysed. This will determine what contribution the 
neural and/or muscle activity of MLT-12 contributes to the molting phenotype, or if it 
plays an as yet unidentified role in development. In addition, to more rigorously test 
that the activity of mlt-12 within the hypodermis comprises its role in molting, wt098
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Table 5.8. Genes identified as differentially expressed in both ZC328.1(RNAi) and 
mlt-l2(RNAi) animals_______________________________________________________
G e n e N a m e Z C 3 2 8 .1  ( R ! \ A i )  
a n i m a l s
m l t - 1 2 ( R I \ A i )
a n i m a l s
D e s c r i p t i o n
D e f e n c e  a n d  i m m u n i t y  r e la t e d
R09B5.9 cnc-4 It ft CeaNaCin, bacteriocin. up-regulated 
upon microbial infection '
R09B5.3 cnc-2 It ft CeaNaCin, bacteriocin up-regulated upon 
microbial infection2"’
B0213.3 nlp-
28
ft ft Neuropeptide-like
F57H12.3 ora-1 ft ft Member of Onchocerca related antigen 
family
T r a n s p o r t  a n d  m e t a b o l i s m
F59B8.2 ft ft NADH-dependent isocitrate 
dehydrogenase, carbohydrate metabolism
C09H5.2a ft It Na /K ATPase, cation transport, 
metabolism
C u t i c l e  a n d  a s s o c i a t e d  p r o t e i n s
ZK1193.1 col-19 ft ft Collagen, required for normal alae 
structure
U n c l a s s i f i e d  a n d  o r p h a n  g e n e s
W01F3.2 ft ft Similar to metalloproteinase
F53A9.8 ft ft Unknown function
T23G4.1 tlp-1 ft ft T-lineage defective, nucleic acid and zinc 
binding
K08B4.6 cli-2 ft ft Cysteine protease inhibitor
C50F7.5 ft ft Unknown function
F48C1.9 ft ft Unknown function, nematode-specific
F48C1.8 ft ft Unknown function
C29H12.6 ft ft Unknown function nematode-specific
Y69H2.3d ft ft Fibrillin and related protein
ZC328.1 ft ft Unknown function, nematode-specific
T08A9.11 ft ft Unknown function, nematode-specific
Information obtained from Wormbase WSI58 (www.wormbase.org). 2{Mallo. 2002 #463}. 3{Gravato- 
Nobre. 2005 #464} ft denotes genes identified as being up-regulated; ft denotes genes identified as being 
down-regulated.
worms could be crossed into a sid-1 mutant background to rule out any potential 
systemic RNAi effects.
5.3.2 What is the molecular function of MLT-12?
Yeast two-hybrid analysis was conducted to help define the molecular function 
of MLT-12, which was unknown at the commencement of this study. This revealed that 
MLT-12 potentially interacts with a ribosomal protein, RPL-9, a predicted ribosomal 
biogenesis protein and the transcription factor, PHP-3. These proteins, however, 
function inside the cell and thus are unlikely to interact with MLT-12 in vivo, as mit-12 
is predicted to encode a secreted protein.
What then is the role of MLT-12 during the molting process? MLT-12 does not contain 
any sterol-sensing or modifying domains, nor does it appear to be cholesterol-dependent 
(Kostrouchova et al. 1998; Yochem et al. 1999; Asahina et al. 2000; Kostrouchova et 
al. 2001; Kuervers et al. 2003). In addition, the molting defect observed in mlt- 
12(RNAi) worms is different from that observed when the low-density lipoprotein 
receptor, LRP-1, which is responsible for the transport of exogenous cholesterol, is 
knocked down. Further, MLT-12 does not appear to perform an enzymatic role similar 
to the proteolytic enzymes CPZ-1 (Hashmi et al. 2004) and NAS-37 (Davis et al 2004), 
as MLT-12 does not contain any know enzymatic motifs.
The evidence presented here supports the hypothesis that MLT-12 has an indirect role in 
molting and that its main function is as a cuticular component. Within the cuticle, MLT- 
12 may be interacting with other cuticular components, such as collagens. These 
interactions, however, are unlikely to be detected using the yeast two-hybrid system as 
collagens and other cuticle components undergo a number of post-translational 
modifications before being assembled into the new cuticle (Myllyharju and Kivirikko
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2004). These modifications are unlikely to occur within the yeast cell. In order to 
investigate potential interactions between MLT-12 and cuticle components that are 
expressed during the same developmental period, the localisation of MLT-12 can be 
tested in several mutant backgrounds (McMahon et al. 2003). This would involve either 
generating a MLT-12-specific antibody to localise MLT-12 in each mutant or mating 
translational mlt-12::gfp worms with each mutant strain to be tested. If MLT-12 
interacts with any of these cuticle components, mis-localisation of MLT-12 in the 
cuticular surface would be expected.
5.4. Conclusions
MLT-12 (C38C6.6) is a nematode-specific protein involved in C. elegans 
development and molting that appears to support a number of functions. During post- 
embryonic development, MLT-12 is required in the cuticle for its subsequent 
degradation during ecdysis. In addition, it is likely to carry out further, as yet 
unidentified, roles. These roles need to be further dissected and potential targets and 
interacting partners defined. This can be achieved through expression and localisation 
studies and determining genetic interactions.
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Chapter 6
General Discussion
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6.1 Biological roles of nematode-specific genes
Nematode-specific genes are likely to have diverse biological functions, as 
described in Chapter 1. Some will encode novel proteins involved in processes common 
to all metazoans, while others will be involved in processes unique to the phylum 
Nematoda. In the course of this study, several bioinformatic filters were applied to 
identify nematode-specific genes with essential functions. This led to the identification 
of a group of genes, two of which are involved in formation of the nematode cuticle and 
molting. These processes are intrinsically linked and essential to the life-style of 
nematodes.
The nematode cuticle is a proteinacous extracellular matrix (ECM). It acts as a barrier 
between the nematode and its environment. It prevents desiccation and enables 
locomotion by mechanical coupling to the longitudinal body wall muscles through the 
hypodermis (reviewed in (Bird and Bird 1991; Lee 2002)). ZC328.1 is a nematode- 
specific tetraspan protein. This protein is essential for the correct formation of the 
cuticle. A reduction in ZC328.1 expression affects all aspects of cuticle function. It is 
not clear, however, if ZC328.1 carries out its function by a novel mechanism. Evidence 
presented in this thesis suggests that it may act to mediate the fusion of vesicles or 
vesicle-like structures carrying ECM components to the apical membrane of epithelia. 
In addition, it may have a more structural role, where it acts to stabilise the apical 
membrane, thereby allowing correct cuticle formation to occur. Further investigation is 
required to clarify the precise molecular role of ZC328.1 in cuticle formation.
Initiation of cuticle synthesis forms part of the molting cycle, which occurs in a number 
of co-ordinated and tightly regulated steps. Molting allows rapid growth of the
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nematode and synthesis of an entirely new cuticle, which is often different in 
composition at each developmental stage (Lee 2002). This flexibility is thought to have 
evolved to provide nematodes and other Ecdysozoans with the ability to adapt to 
changing environmental conditions, such as seasonal changes or evading the host 
immune response (Bird and Bird 1991). MLT-12 is a nematode-specific protein that is 
involved in molting. Silencing of mit-12 leads to worms that are unable to degrade the 
old cuticle, and become trapped in it. Evidence presented in this thesis suggests that 
MLT-12 may function primarily within the cuticle. Here its loss alters the otherwise 
highly ordered assembly of the cuticle, which could lead to the inability of proteases or 
other enzymes to degrade cuticular components at the molt. This illustrates the inherent 
link between the processes of cuticle formation and molting, both of which must occur 
in a precise and orderly manner for the worm to continue development. Based on its 
differential tissue expression, MLT-12 may also carry out other, as yet unknown, 
functions during development. These functions, and the role of MLT-12 during the 
molting process, require further investigation.
6.2 The nematode cuticle as a physiological ‘drug target’ for parasitic 
nematodes
While ZC328.1 and MLT-12 are not promising targets for the development of
small molecule inhibitors, as they have no obvious ligand site or binding pocket, the
processes that these proteins are involved in are likely to be good for ‘target mining’.
Formation of the nematode cuticle is an essential process not found in vertebrates.
Selective inhibition of proteins involved in cuticle formation is likely to affect its barrier
function, motility of the nematode, the continuation of the life-cycle and morphology of
the organism. For example, inhibition of proteins that perturb the barrier function of the
cuticle, in much the same way as a reduction in ZC328.1 and mit-12 mRNA, are likely
to render parasitic worms more susceptible to chemical or immunological attack. This
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could also cause worms resistant to anthelmintic treatment to become more sensitive
(dependent on the underlying resistance mechanisms). An example of how this may be 
possible in nematodes is illustrated by the anthelmintic action of praziquantel. This drug 
is effective against several cestode and trematode species. Exposure to praziquantel 
typically results in paralysis of susceptible worms and damage to their tegument (Martin 
et al. 1997). This effect on the barrier function of the tegument is believed to make the 
parasite more vulnerable to host enzymes and immunological attack leading to the 
elimination of the parasite (Harnett 1988).
Enzymes or transporters involved in the modification or formation of the nematode 
surface coat may also provide good targets for nematocide development (Figure 1.5). 
Formation of the surface coat is dynamic, where surface molecules are secreted at and 
between each molt, and can be shed in response to binding of immune effector cells or 
antibodies (reviewed in (Blaxter et al. 1992)). It is this process of surface coat shedding 
that is believed to allow parasitic nematodes to evade host immune attack (Philipp and 
Rumjaneck 1984; Blaxter et al. 1992).
In addition to evading host immune responses, nematodes must deal with changes in 
environmental factors such as osmotic strength, ion concentration, pH and oxygen 
tension. The cuticle and underlying epithelia are important sites for the transport of ions, 
water and organic waste products (Thompson and Geary 2002). Thus, a disruption in 
the ability of nematodes to maintain aspects of epithelial homeostasis is also likely to 
affect cuticle function. For example, it is known that changes in intracellular pH affect 
vesicle trafficking (Brett et al. 2005). It seems reasonable, therefore, that within the 
worm epithelia, where a high level of protein synthesis and trafficking of cuticle 
components occurs, a pH-dependent defect in trafficking could result in a range of
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cuticular defects. While this has not been demonstrated directly, a mutation in clh-1, 
which encodes a putative C1C chloride channel in the epithelia, results in worms with 
abnormal alae structure (Petalcorin et al. 1999). Another example of the importance of 
maintaining ionic balance in cells is illustrated by the action of the anthelmintic 
compounds levamisole and pyrantel. These compounds target cholinergic receptors on 
somatic muscle, which leads to the influx of cations into the tissue, depolarisation of the 
cell and spastic paralysis of the worm (Martin et al. 1991; Martin et al. 1997).
Proteins involved in the direct formation or degradation of the cuticle may also provide 
ideal targets. These include for example, modifying enzymes, such as those involved in 
the post-translational modification of collagens and other cuticle components, or 
proteolytic enzymes involved in the degradation of the cuticle. Many of the enzymes 
involved in modifying collagens, however, are also present in higher eukaryotes 
(Myllyharju and Kivirikko 2004). This, therefore, presents one challenge in identifying 
those proteins that could be selectively inhibited.
The C. elegans dauer larva is considered analogous to the infective juvenile larvae of 
many animal parasitic nematodes, which are also resistant, long-lived stages that have 
arrested development (reviewed in (Riddle and Albert 1997) and (Lee 2002)). The 
selective inhibition of proteins involved in dauer larva formation/recovery and/or 
formation of the dauer-specific cuticle, may render these worms susceptible to chemical 
attack, but would also interfere with the continuation of the life-cycle, as in many 
species this is an obligate developmental stage. This would result in reduced 
transmission of the parasite species. However, because this life-stage is not present in 
the definitive host, the ability to target proteins within this stage becomes less attractive 
compared with the inhibition of proteins present in the adult stages. Therefore, it would
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be better to identify proteins that are essential for both the dauer larvae and the adult
worms.
6.3 Further work to identify new proteins essential for cuticle 
formation
To follow up the work described in this thesis, genome-wide screens can be 
carried out to look for additional nematode-specific proteins that are involved in cuticle 
formation. Initially, high-throughput RNAi experiments utilising the SDS resistance 
assay in daf-2(el370) dauer larvae could be carried out. Those proteins found to be both 
involved in formation of the dauer cuticle and expressed in adults could then be 
knocked down in the adult stage. Proteins could then be identified that also affect the 
barrier function of this cuticle by screening with the membrane-impermeable dye, 
Hoechst 33258, which is not as amenable to a high-throughput format compared with 
the SDS resistance assay.
Furthermore, the initial bioinformatic screen conducted at the commencement of this 
study can be expanded to include proteins that share homology outside the Nematoda, 
but not in higher eukaryotes, such as mammals. Considering the number of proteins 
uncovered in the initial screen during this study that are involved in cuticle formation 
and or/molting, it is expected that many more such proteins will be identified. In 
addition, this could uncover a suite of proteins for which classes of inhibitors may 
already exist. Appropriate in vivo or in vitro assays could then be developed to test the 
efficacy of these inhibitors (reviewed in (McCarter 2004; Behm et al. 2005; Foster et al. 
2005; Jones et al. 2005; Kaletta and Hengartner 2006)).
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6.4 Conclusion
The work presented in this thesis demonstrates that using C. elegans to identify 
and functionally characterise nematode-specific genes is an effective way to gain a 
greater understanding of basic nematode biology. Specifically, this thesis details the 
analysis of the roles of two proteins, ZC328.1 and MLT-12. Characterisation of these 
has provided insights into the essential processes of nematode cuticle formation and 
molting, and serves as a basis for further assessment of the precise functions of these 
proteins and others involved in these processes.
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APPENDIX A
Solutions and Buffers
Egg Salts Buffer
0.69%  (w/v) NaCl
0.36%  (w/v) 
A utoclave
KC1
LB (Luria-Bertani) Agar
1 %  (w/v) Tryptone
0.5%  (w /v) Yeast Extract
0.5%  (w /v) NaCl
1.5% (w /v) 
A utoclave
Agar
LB (Luria-Bertani) Broth
1% (w/v) Tryptone
0.5%  (w /v) Y east Extract
0.5%  (w/v) 
A utoclave
NaCl
M9 Buffer
22 mM KH2P 0 4
42 mM N a2H P 0 4
86 mM NaCl
1 mM M g S 0 4
NGM Agar
0.3%  (w/v) NaCl
1 % (w/v) Agar
0.25% (w/v) Peptone
0.0001% (w/v) Cholesterol (1 mg/ml)
Autoclave. Add sterile
1 mM CaCl2
1 mM M gS04
25 mM K P04
Potassium Phosphate Buffer (KPO4)
1 M K2HPO4
1 M KH2PO4
Adjust to pH 6. Autoclave.
Soaking Buffer
10.9 mM N a 2H P 0 4
5.5 mM KH2PO4
2.1 mM NaCl
4.7 mM NH4CI
3 mM Spermidine
0.05% (v/v) Gelatin
Synthetic Complete (SC) Agar
0.14% (w/v) Yeast synthetic drop-out medium ((without (NPL^SC^,
tryptophan, uracil, leucine or histidine))
0.17% (w/v) Yeast nitrogen base
0.5% (w/v) (NH4)2S 0 4
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2% (w/v) Agar
Autoclave. Add sterile:
5% (v/v) 40% Glucose
0.8% (v/v) 20 mM Uracil/100 mM Histidine/40 mM Tryptophan
Synthetic Complete (SC) Broth
0.14% (w/v) Yeast synthetic drop-out medium ((without (NH4)2S04,
tryptophan, uracil, leucine or histidine))
0.17% (w/v) Yeast nitrogen base
0.5% (w/v) (NH4)2S 0 4
Autoclave. Add sterile:
5% (v/v) 40% Glucose
0.8% (v/v) 20 mM Uracil/100 mM Histidine/40 mM Tryptophan
YPD Agar
1% (w/v) Yeast extract
2% (w/v) Peptone
2% (w/v) Agar
Autoclave. Add sterile:
5% (v/v) 40% Glucose
YPD Broth
1% (w/v) Yeast extract
2% (w/v) Peptone
Autoclave. Add sterile:
5% (v/v) 40% Glucose
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APPENDIX B
Confirming nematode specificity o f proteins using BLAST
The specificity of the 15 proteins chosen in the preliminary bioinformatic screen 
for this project was confirmed using BLAST (Basic Local Alignment Search Tool). 
WormPep version 9 protein sequences were queried against the non-redundant (nr) 
NCBI and parasitic nematode EBI databases using tBLASTn (protein query vs 
translated database) (www.ncbi.nlm.nih.gov; www.ebi.ac.uk/blast2). The top five hits 
for each protein are displayed below as ‘screen capture’ images.
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(A) NCBI graphical output
Color key for alignment scores
<40 40-50 50-80 80-200 >=200
Query
I I I I I I
0 150 300 450 600 750
Tree view Ntw
Sequences producing significant alignments:
Score
(Bits)
E
Value
qi 71988494 ref NM 059457..2 Caenorhabditis clecians K06A5.4 (K06 1364 0.0 El
qi 21281570 ab AF 0 390 38.3 Caenorhabditis eiegans cosraid K06A5, 261 0.0
qi 11095118 ab AC 084 672.1 CBRG47I10 Caenorhabditis briqgsae cosm 239 6o-83
qi i91078777 ref XM 964224 .1 PREDICTED: Tribolium castaneum s... 44.7 0.15
qi 55640850 ref XM 522841,.1 PREDICTED: Pan troalodvtes simil... 42.0 0.96 0
(B) EBI graphical output
Alianment D B ip Source Lenath Score klentitv% Posltives% Eft
1 ^ EM BLAC084672
C aerorhabditis  
b r ig g sa e  c o s  mid 
G 47I10, com p lotc  
s e q u o r c e .
43 7 0 6 659 60 75 8 5e-186
2 yf EMBL CAAC01000061
C aerorhabditis  
b r ig g sa e  cortig  
c b 2 5  fp c 2 8 8 8  from  
a sse m b ly  
c b 2 5  agp 8
2419314 659 60 75 2 1e-165
3 'S EMBL BM 415186
O P 2 0 2 5 8  M ixed  
S ta g e  EST 's from  
G iobodcra pallida, 
the potato c y s t  
r em a to d e  
G iobodcra pallida 
cD N A , m RNA  
s e q u e r c e
1029 120 22 38 7 4e-10
4 ✓ EM BLCG743836
P 0 3 6  1 H 07 .ya  Ppa  
EcoRI BAC Library 
P ristiorch u s  
pacific u s g cro m ic . 
g ero m ic  su rv ey  
s e q u o r c e
1439 128 21 37 3 0e-09
5 >/ EMBL CG746650
P 0 3 9  4  H 0 2 .za  Ppa  
EcoRI BAC Library 
P ristiorch u s  
p acificus g ero m ic . 
g ero m ic  su rv ey  
s e q u o r c e .
1255 125 20 38 1 5e-08
Figure 9.8. Summary of R12B2.5 homology searches
(A) NCBI graphical output
Q u e r y
Color key for alignment scores
<40 40-50 50-80 80-200 >=200
I I I I I I
0 150 300 450 600 750
Tree view Ntw
Sequences producing significant alignments:
gj 86563164 ref NM 171867.3 Caenorhabditis ciegans MeDiaTor ...
qi 86563165 ref NM 171134..3 Caenorhabditis elegans MeDiaTor .. .
qi 495688 ab UQ0066.1 Caenorhabditis eloaans cosmid R12B2. c o m D
qi 76639786 ref XM 870561, PREDICTED: Bos taurus similar to...
qi 24580651 ref NM 134684 .2 Drosophila melanogaster Mediator...
Score E
(Bits) Value
1182 0.0 0
1172 0.0 0
698 0.0
045.8 0.058
4 5 J 0.058 0
(B) EB1 graphical output
Alianroent DB:ip S o u rc e Lenath Score ldentitv% Positives'^ E0
1 V EMBLCAAC01000041
C a ero r habe) itis 
briggsac cortig 
cb25 fpc2187 from 
assem bly cb25 agp8
6 9 4 5 6 0 1916 72 77 5 3e-306
2 * EM BLCB021448
px71d03.y1
H aem orchus cortortus 
irtestire  SL2 TOPO v1 
H aem orchus cortortus 
cDNA 5' similar to 
WP CE25078 R12B2 5 
mRNA se q u e rc e
559 536 63 68 2 2e-50
3  V EMBL C D 455758
TNWbmfC24C08T3 
W uchcrena barcrofti 
microfilaria cDNA 
(SAW95SjL WbMf) 
W ucherer«  barcrofti 
cDNA clore 
TNWbmfC24C08 5'. 
mRNA se q u e rc e .
698 411 59 68 1 3e-36
EMBL AI133786
BSBmMFSZI 1019SK  
Brugia malayi 
mtcrofilana cDNA 
(SAW94LS BrnMf) 
Brugia malayi cDNA 
clo re
BSBmMFSZ11 0 1 9  5', 
mRNA se q u e rc e
43 9 404 68 76 1.2e-35
5 vf EMBL A I943538
BSBmM T SZ 40J01SK 
Brugia malayi 
microfilaria cDNA 
(SAW94LS-BmMf) 
Brugia malayi cDNA 
clo re
BSBmMFSZ40J01 5'. 
mRNA se q u e rc e
500 399 67 75 3 6e-35
Figure 9.9. Summary of T05H4.12 homology searches
(A) NCBI graphical output
Query
Color Key for alignment scores
<40 40-50 50-80 80-200 >=200
I I I I I I I
0 20 40 60 SO 100 120
Tree view Ntw
Sequences producing significant alignments:
al 72000356 ref NM 072232.2 Caenorhabditis elcgans ATP 3ynth... 
qj 2315509 ab AF016452.1 Caenorhabditis elcgans cosmid T05H4, c 
qj 58386970 ref XM 315204.2 Anopheles gambiae str. PEST ENSA... 
qj 56417583 qb AY826161.1 Aedes albopictus clone AL_301 mito... 
qi76881875qbCP000127.1 Nitrosococcus occani ATCC 19707, comp
Score E
(Bits) Value
_ m le-54 S
157 8e-37
43.9 0.010 m
ILA 1.2
35., Q 4.5
(B) EBI graphical output
Alianment DB ID Source Lenath Score kientitv% Posifives% EH
1 V EM 6L CAAC01000Q98
C aerorhabditis  
briggsae c o r tig 
c b 2 5 .fp c 4 l2 6  from  
assem bly cb25 agp8
2 1 48 05 9 392 98
- -___  1
1 9e-51
2 V E M B LB G 734337
T c_ad_01 G 09_S K PL  
TelaOorsagia 
circum circta adults 
Toladorsagia  
circum circta cD N A  
c io re  T c _ a d _ 0 1 G 0 9  
5 ‘ similar to 
pir|T31904  
hypothetical proteir 
T 0 5 H 4  12 
Caerorhabditis  
elegars . m R N A  
sequerco .
463 421 65 83 2 5e-38
3 y ' EM B L.CB043279
T C _L4_11E 0 7 S K P L  
Teladorsagia  
circum circta L4 
Hbrary Teladorsagia  
circum circta cD N A  
c io re  Tc_L 4 _11 E 0 7  5' 484  
similar to 0 1 6 5 1 7  
T 0 5H 4  12 proteir 
Caerorhabditis  
e le gars . m R N A  
sequorce.
420 65 82 3 .1 e -38
4 y f EM BL:CA994716
H c_L4_24F06_S K P L  
H aem orchus  
cortortus L4 SL1 from  
David K rox  
H aem orchus  
cortortus cD N A  c io re  
H c_L 4_2 4F 0 6  5’ 
similar to T 0 5 H 4  12 
CE13291  
sta tu sC o rfirm e d  
TR  0 1 6 5 1 7 , m RNA  
sequerco .
488 417 65 OQ » 6  3e*38
5 v/ EM BL:CA994400
Hc_egg_ 19E06__SKPL 
H aem orchus  
cortortus egg SL1 
from David K rox  
H aem orch us  
cortortus cD N A  c io re  
H c_egg _19E 06 5 
similar to T 0 5 H 4  12 
CE13291
491 413 63 80 1.7e-37
Figure 9.10. Summary of T19B10.2 homology searches
(A) NCBI graphical output
Color key for alignment scores
<40 40-50 50-80 80-200 >=200
Q u e r y
I I I I I I
0  7 0  1 4 0  2 1 0  2 8 0  3 5 0
Tree view Ntt<
Sequences producing significant alignments:
Score E 
(Bits) Value
qi 72000598 ref NM 073447.2 Caenorhabditis elegans T19310.2 (T1 741 0.0 Q
qi 11094983 ab AC084533.1 CBRG22N08 Caenorhabditis briggsac cosm 453 0.0
qi 1403274 emb 274043.1.CET19B10 Caenorhabditis eleaans Cosmid T 230 le-109
qi 86564312 ref NM 073448.3 Caenorhabditis elegans T19310.3 ... 183 6e-44 m
qi 68373330 ref XM 678190.1 PREDICTED: Danio rerio similar t ... 41.2 0.51 0
(B) EBI graphical output
Alianment DB:ID Source Lenalh Score Wentjtv% Positives% E()
1 ✓ EMBL.AC084533
Caenorhabditis bnggsae 
cosmid G22N08. complete 
sequerce.
27488 965 86 89 5 4 e-169
2 ± EMBLCAACQ1000141
Caenorhabditis bnggsae 
contig cb25.fpc4470 from 
assembly cb25 agp8
1781850 965 86 89 3 .3e-165
3 V EM BLCB192214
py26c10.y1 Haemonchus 
contortus whole worm 
pAMPl v 1 Haemonchus 
contortus cDNA 5' similar to 
TR Q22562 Q22562 
T19B10 2 PROTEIN. [1) 
mRNA sequence
582 773 73 86 1 Oe-75
4 V EM BLCB099677
py15c07y1 Haemonchus 
contortus whole worm 
pAMPl v1 Haemonchus 
contortus cDNA 5' similar to 
TR Q22562 Q22562 
T19B10.2 PROTEIN. [11 
mRNA sequence
579 769 73 86 2 7e-75
5 v' EM BLCB099758
py16f04 y1 Haemonchus 
contortus whole worm 
pAMPl v1 Haemonchus 
contortus cDNA 5 similar to 579 755 72 86 8 1e-74
TRQ22562 Q22562 
T19B10.2 PROTEIN. [1) 
mRNA sequence.
Figure 9.11. Summary of W01A8.4 homology searches
(A) NCBI graphical output
Tree view ^
Sequences producing significant alignments:
Score
(Bits)
E
Value
94 71991847 ref NM 059600 .3 Caenorhabditis eleaans W01A8.4 (W01 362 le-98 0
qi i11094917 ab AC 08446 7.1 AC084467 Caenorhabditis briaasae cosni 248 3e-64
qj 1279337 emb 7,71267.1 CEW01A8 Caenorhabditis eleaans Cosmid WO 247 6e-64
qi 74002855 ref XM 535753 .2 PREDICTED: Canis familiaris simi 51.2 9e-05 m
si. 28317408 ab AY22293 3.1 Schistosoma japonicum clone ZZD251 mR 49.7 3e-04
(B) EBI graphical output
Alianment Q B ip Source Lenath Score Wentitv% Positives'* Ef>
1V EMBLAC084467
C a e ro rh a b d itis  b n g g s a e  
co sm id  CB G 43F15. 
c o m p le te  s o q u e r c o
56511 634 95 99 1 9e-84
2 V EMBL CAAC01000051
C a en o rh ab d itis  b r ig g sa e  
c o r tig  c b 2 5  fp c2 3 7 4  from  
a s s e m b ly  c b 2 5 .a g p 8
604521 634 95 99 2 3e-82
3 ✓ EMBL.BU088322
N a_L 3_33H 03 . SAC 
N e c a to r  a m e r ic a r u s  
( p a ra s i te  r e m a to d e )  L3 
N e c a to r  a m e r ic a r u s  
cD N A  c to r e  
N a L3 3 3 H 03  5  sim ilar 
to  W 01Ä 8 4 C E 0 6 5 3 4  
s ta tu s  Partially con firm ed  
T R  Q 2 3 0 9 8 . m RNA 
s e q u e n c e
583 816 86 92 2 8e-80
4 V EMBL BF059784
H c_ d 1 1 _ 0 3 C 1 2 _  SAC 
H a e m o n c h u s  co n to r tu s  
d11 m ixed adu lt from  
D avid Knox H a e m o n c h u s  
c o n to r tu s  cD N A  c lo n e  
H c_ d 1 1 _ 0 3 C 1 2  5 ' sim ilar 
to  p ir |T 2 6 0 2 9  h y p o th e tica l 
pro tein  W 01A 8 4 
C a en o rh ab d itis  e le g a r s .  
m R N A  s e q u e n c e
668 786 82 90
_ ____n......
3.7e-77
5 V EMBL BQ095604
k k 0 7 c0 5 .y 1  A sca ris  
s u u m  fem ale  o v a ry  
A s c a ris  s u u m  cD N A  5 
sim ilar to  T R  Q 2 3 0 9 8  
Q 2 3 0 9 8  W 01A 8 4 
PR O T E IN  (1] m RN A  
s e q u e n c e
623 756 79 88 5 9e-74
Figure 9.12. Summary of W04G3.8 homology searches
(A) NCBI graphical output
Color key for alignment scores
<40 40-60 50-80 80-200 >=200
0 u o r v i I I I I I
0 100 200 300 400 500
Tree view Ntw
Sequences producing significant alignments:
Score
(Bits)
E
Value
qi 71997778 ref NM 077448.2 Caenorhabditis eleaans W04C3.8 (W04 847 0.0 E
qi ,11095014 ab AC084564.1 CBRC36H10 Caenorhabditis brioasae cosm 293 2e-153
1070105 emb Z68014.1 CEW04G3 Caenorhabditis eleaans Cosmid WO 163 4e-92
qi 1507757 emb Z78537.1 CEC09F12 Caenorhabditis eleaans Cosmid C 233 le-88
qi 71997746 ref NM 077451.3 Caenorhabditis eieqans W04C3.3 (W04 184 5e-44 m
(B) EBI graphical output
Altonment DB:ID Source Lenatn Score MenStv% Positives"/« El)
1 ^ EMBL AC084564
C a e ro rh a b d rtis  b r ig g sa e  c o sm id  G 36H 10 . com ple te  
s e q u e n c e
44789 850 91 95 5 2e-168
2 V EMBL.CAAC01000084 C a e ro rh a b d rtis  b r ig g sa e  c o rh g  cb 2 5 .fp c 4 0 6 9  from  a s se m b ly  
c b 2 5 .a g p 8
2244229 850 91 95 7 9e-163
3 J EMBLCN477536
rx38h01 y l .g z  M elo idogyrc  p a r a r a e r s i s  e g g  SM ART pGEM  
M otow ogyre  p a ra n a e r s i s  cD N A  5 sim ilar to  T R Q 9 3 2 0 0  
Q 932 0 0  W 04G 3.8  PR O T E IN  [1] m RNA s e q u e n c e
487 744 82 93 1 4e-72
4 ^ EMBL BI324152
k t5 4 d 0 2 .y 3  S tro rg y io id e s  ratti L1 pA M Pl v3  ChiapeRi M cC arter 
S tro rg y lo id e s  ratti cD N A  5 sim itar to  TR  Q 9 3 2 0 0  Q 9320C  
W 04G 3.8  PR O TEIN  [1] „ m RNA s e q u e n c e
468 658 79 91 1 9e-63
5 ^ EMBL BI323551
kt72f12.y1 S tro rg y lo id e s  ratti L2 pA M Pl v1 ChiapelS M cC arter 
S tro rg y lo id e s  ratti cD N A  5' sim ilar to  T R  Q 9 3 2 0 0  Q 9 3 2 0 0  
W 04G 3 8 PR O T E IN  [1 ].. m RNA s e q u e n c e .
499 546 62 77 1 3e-51
Figure 9.13. Summary of W08F4.6 homology searches
(A) NCBI graphical output
Color key for alignment scores
<40 40-50 50-80 80-200 >=200
Q u e r y
I I I I I I
0 50 100 150 200 250
Tree view Ntw
Sequences producing significant alignments:
ai 86562341 ref NM 061358.3 Caenorhabditis elegans MoLTing d... 
qi38446I6qb AF000266■1 Caenorhabditis elegans C03mid W08F4, c 
ai 48102855 ref XM 395446.1 PREDICTED: Api3 mellifera simila...
Score E
(Sits) Value
565 4e-159
178 le-42
37.0 5.5 m
(B) EBI graphical output
Alianment pB:tp Source Lenath Score Wentitv% Positives'^ £{}
1*3? EMBL CAAC01000031
C a e ro rh a b d itis  
b r ig g sa e  c o rtig  
cb 2 5 .fp c0 3 0 5  from  
a s se m b ly  c b 2 5  ag p 8
1083296 695 86 88 1.1e-129
2  V EMBL.BG310588
SW O v3M CA M 55E04SK  
O r c h o c e r c a  volvulus 
m oltirg  L3 larva cDNA 
(SL96M LW  O vm L3) 
O r c h o c e r c a  volvulus 
cD N A  c lo re  
SW O v3M CA M 55E04 5', 
m RN A  s e q u e r c e .
902 1162 83 92 3 9 e  -1 17
3 ^ EMBL BE758466
SW YACAL11B04SK 
Brugia rra lay i y o u rg  
adult cDNA 
(SAW 99M LW  BmYA) 
Brugia m alayi cDNA 
c to r e  SW VACAL11B04 
5'. mRNA s e q u e r c e
731 1019 80 88 6 8e-102
4 V EMBL AA618916
SW O v3M C A 1962SK  
O r c h o c e r c a  volvulus 
m oltirg  L3 larva cDNA 
(SL96M LW  O vm L3) 
O r c h o c e r c a  volvulus 
cD N A  c lo re  
S W m L 3 C 0 1 9 6 2  5'. 
m RNA s e q u e r c e .
644 961 78 88 1.1 e-95
5 y? EMBL BE949537
SW O  v AF C A P 46H 10SK 
O r c h o c e r c a  volvulus 
adult fem ale  cD N A  
(SAW 98M LW  OvA F) 
O r c h o c e r c a  volvulus 
cD N A  c to re  
SW O V A FC A P46H 10 5'. 
m RNA s e q u e r c e
654 958 82 92 2.2e-95
Figure 9.14. Summary of ZC328.1 homology searches
(A) NCBI graphical output
Color key for alignment scores
<40 40-50 50-80 80-200 >=200
Query
I I I I I I
0 40 80 120 160 200
Tree view NIW
Sequences producing significant alignments:
Caonorhabditis elegans ZC328.1 (ZC3
qi 1946990 ab AF000194.1 Caonorhabditis eleqans cosmid ZC328, c
qi 11095126 ab AC084680. 1:CBRG47N02 Caenorhabditis briqqsae cosm
qi j10862740 omb AL160392 .12 Human DNA sequence from clone RP. . .
qi 78675903 ab AC164597. 11 Mus musculus chromosome 15, clone...
Score E
(Bits) Value
3.84 6e-105
124 le-52
164 2e-38
37.4 2.2
36.2 4.9
(B) EBI graphical output
Alianm ent DB:tD Source Lenath Score Wentitv% Positives'^ E0
1 ✓ EM BL A C 084680
C aen o rh ab d itis  b n g g s a e  
co sm id  G 47N 02. 
co m p le te  s e q u e n c e .
3 8 1 6 8 401 63 77 4 7 e -6 7
2 ✓ EM BLCAAC01000061
C a en o rh ab d itis  b n g g s a e  
contig  cb25 .fpc28Ä 8  from  
a s se m b ly  c b 2 5  ag p 8
2 4 1 9 3 1 4 401 63 77 1 .8 e -6 3
3 ^ EMBL B E 578004
rk 1 7 b 0 4 .y l M oloidogyne 
jav an ica  E gg SL1 T o p o l 
Klock Chiapelli M cC arte r 
M e b id o g y n e  ^ lv a n c a  
cD N A  5' sim ilar to  
W P Z C 3 2 8 .1  CE 15181 
m RNA s e q u e n c e
55 7 252 4 0 61 1 7 e -2 0
4 ^ E M B L C V 509725
k c 8 6 d 0 5  y1 X iphm em a 
index C SE Q D L01 
X iphincm a index cD N A  5‘ 
sim ilar to  T R  0 0 2 0 5 1  
0 0 2 0 5 1  C O D E D  F O R  
B Y C  E LE G A N S CDNA 
YK133A 12.5. [11 m RNA 
s e q u e n c e
651 191 32 50 1 9 e -1 8
5 v/ E M B L C V 509725
k c86d05 .y1  X iphm em a 
index C SE Q D L01 
X iphm em a index cD N A  5 
similar to  TR 0 0 2 0 5 1  
0 0 2 0 5 1  C O D E D  F O R  
BY C. ELEG A N S CDNA 
Y K 133A12.5. [1 j m RNA 
s e q u e n c e .
651 191 32 50 1 9 e -1 8
Figure 9.15. Summary of ZK856.7 homology searches
(A) NCBI graphical output
I
I
Color key for alignment scores
I
20
I
40
I
60
I
80
I
100
I
1 2 0
Tree view Ntw
Sequences producing significant alignments:
ai 86564544 ref NM 073221.3 Caenorhabditis elegans ZK856.7 (ZK8 
qj 1263486 emb 270783.1 CE2K856 Caenorhabditis elegans Cosmid ZK 
qi39S45939,gbAY464549.1 Brugra malayi immunogenic protein 3 m 
gi 7582200 abAF153722.1 AFi 53722 Onchocerca volvulus novel i...
1 ai 71986310 ref NM 171428.2 Caenorhabditis elegans F11E6.9 (Fll
Score E
(Bits) Value
247 4e-64
_16S 2e-39
100 9e-20
5K6 5e-05
34 J 6.0 □
(B) EBI graphical output
Alianment D ßlD Source Lenath Score klentitv% Positives'^ E()
1 2 ? EMBLAW700605
pa36hG 1.yi H aw cor 
A rcy lostom a c a r iru m  
L3 A rcy lostom a 
c a r iru m  cDNA 5 
similar to W P.ZK856.7 
CE06664 mRNA 
se q u e rc e .
398 526 80 90 2 2e-49
2 'S EMBLBG232292
pa67o08  y1 H aw dor 
A rcy lostom a c a r iru m  
L3 A rcy lostom a 
c a rrru m  cDNA S' 
similar to W P ZK856 7 
C E 06664 mRNA 
s e q u e rc e
388 516 81
________
90 2 6e-48
3 V EMBLAW588386
pa12o05.y1 H aw dor 
A rcy lostom a c a r iru m  
L3 A rcy lostom a 
c a r iru m  cDNA 5' 
similar to W PZ K 856.7  
C E06664 mRNA 
s e q u e rc e
487 514 80
CO 3 3e-48
4 S EM BLBP 86773
Hc_L4_02B11_SKPL 
H a em o rc h u s  co rto rtu s  
L4 SL1 from David 
Krox H a em o rc h u s  
c o rto rtu s  cDNA c lo re  
He L4 02B11 5' similar 
to pir|T28046 
hypothetical proteir 
ZK856.7 * 
C acro rhabd itis  
o leg a rs . mRNA 
s e q u e rc e
450 510 76
00 9 6e-48
5 S EMBLCA994731
Hc_L4_24H07_SKPL 
H a em o rc h u s  co rto rtu s  
L4 SL1 from  David 
Krox H a em o rc h u s  
c o rto rtu s  cDNA c lo re  
He L4 24H 07 5' similar 
to ZK856.7 C E06664 
s ta tu sC o rfirm e d  
TR:Q 23642 
proteir_id:C A A 94855.1. 
mRNA s e q u e rc e
435 510 76 89 1 0 e ^ 7
APPENDIX C
Genes identified as differentially expressed in RNAi animals
Tabic 10.1. Genes identified as being down-regulated in ZC328.1(RNAi) animals.
G e n e N a m e A v e r a g e
L o g
R a tio
P r e d ic t e d  f u n c t io n  a n d  e x p r e s s io n  in fo r m a t io n "
M a j o r  S p e r m  P r o t e in s  ( M S P )
F58A6.8* msp-45 1.12 Cytoskeletal element involved in sperm motility, expressed in L4 
& A
C35DI0.11 0.89 Involved in sperm motility, expressed in L4 & A
K08F4.8 msp-38 1.32 Involved in sperm motility, expressed in L4 & A
ZK354.1 1 msp-59 0.53 Involved in sperm motility, expressed in L4 & A
Vitellogenins
F59D8.2 vit-4 1.15 Yolk protein, lipid transport
C04F6.1 vit-5 0.58 Lipid binding precursor, expressed in A
F59D8.1 vit-3 0.68 Precursor to ApoB-100, negative regulation by MAB-3 in males, 
lipid transport
C42D8.2 vit-2 1.01 Lipid transport, expressed in A
K07H8.6 vit-6 1.26 Lipid transport, expressed in A
C o l la g e n s
C34F6.2* col-178 1.08 Collagen, expressed in L4 & A
C34F6.3* col-179 1.10 Collagen, expressed in L4 & A
F11G11.11 col-20 1.67 Collagen, expressed in L4 & A
F38A3.1 * col-81 1.50 Collagen, expressed in L4 & A
F54C9.4* col-38 1.01 Collagen, expressed in L3, L4 & A
Ml 8.1 * col-129 1.34 Collagen, expressed in L4 & A
T05A1.2* col-122 1.54 Collagen, expressed in L4 & A
F09G8.6 col-91 0.86 Collagen, expressed in L3, L4 & A
Y77E11A.15 col-106 1.30 Collagen
ZK1 193.1 col-19 0.88 Collagen, required for normal structure of alae, expressed in L4 
& A
Fl 1G11.12* col-73 1.17 Collagen, expressed in L2 & A
F22D6.10 col-60 0.85 Collagen, expressed in L4 & A
F26F12.1 col-140 0.93 Collagen, expressed in L4 & A
F15A2.1 col-184 1.40 Collagen, expressed in L4 & A
W03G11.1 col-181 0.70 Collagen, expressed in L4 & A
W05G11.3 col-88 0.88 Collagen, expressed in L3, L4 & A
F08G5.4 col-130 1.19 Collagen, expressed in L4 & A
U n c la s s i f i e d  a n d  o r p h a n  g e n e s
F53H4.2* 0.76 Proteolysis, peptidolysis, expressed in L4 & A
R12E2.14 0.63 Similar to Arabidopsis glycine/proline rich protein, expressed in 
L3, L4 and E
C55B7.4a acdh-1 0.85 Acyl-CoA-dehydrogenase, electron transport
C03A7.7 abu-6 0.59 Activated in blocked unfolded protein response, may help protect 
against unfolded nascent proteins, expressed at all stages
F32B5.1 0.94 Phosphotransferase, kinase activity, expressed at all stages
F23D12.I * 1.20 Similar to human lysosomal associated TM protein
C44B12.1* 0.69 Unknown function, expressed in A
ZK512.7 1.32 Unknown function, expressed in L3, L4 and A
F54F7.3 0.85 Unknown function, expressed in A
C25A1.8 0.95 Lectin, sugar binding, expressed in A
Information obtained from Wormbase WS158 (www.wormbase.org). "Information obtained 
from Jiang et al., (2001) where expression represents developmental stage at which gene is 
enriched. Log ratios are based on the log2(red/green), where red is the signal produced by Cy5 
fluorescence and green is the signal produced by Cy3 fluorescence for a given gene. TM, 
transmembrane; A, adult hermaphrodite; E, egg. *genes identified as down-regulated in all four 
biological repeats. Red, genes chosen for RNAi analysis.
Table 10.2. Genes identified as being up-regulated in ZC328.l(RNAi) animals
G e n e N a m e A v e r a g e  
L o g  R a t io
P r e d i c t e d  f u n c t i o n 1 a n d  e x p r e s s i o n  i n f o r m a t i o n '
C u t i c l e  a n d  c u t i c l e  a s s o c i a t e d
F 1 4 F 7 .1 c o l - 9 8 - 0 .9 0 C o l l a g e n ,  e x p r e s s e d  in L 4
T 0 6 E 4 . 4 c o l - 1 4 7 - 0 .9 2 C o l l a g e n
B 0 2 2 2 . 6 c o l - 1 4 4 - 0 .6 4 C o l l a g e n ,  e x p r e s s e d  in L I ,  L 3  &  L 4
Y 6 9 H 2 . 1 4 - 0 .9 9 C o l l a g e n
F 1 9 C 7 . 7 c o l - 1 1 0 -1 .1 3 C o l l a g e n ,  e x p r e s s e d  in L 4
F 0 1G 12 . 5 b l e t - 2 - 0 .6 9 A 2  t y p e  c o l l a g e n ,  e x t r a c e l l u l a r  m a t r i x ,  s t r u c tu r a l  c o n s t i t u e n t  o f  
c u t i c le ,  e x p r e s s e d  t h r o u g h o u t  d e v e l o p m e n t
T 0 7 C 4 . 9 n e x - 2 - 0 .8 2 A n n e x i n ,  in m a m m a l s  f u n c t i o n  in m e m b r a n e  t r a f f i c k i n g ,  
c o l l a g e n  d e p o s i t i o n  a n d  e x t r a c e l l u l a r  m a t r i x  f o r m a t i o n
Z K 7 8 3 . 1 * - 1 .1 3 C u t i c u l i n  p r e c u r s o r ,  p r o t e o l y s i s  a n d  p e p t i d o l y s i s
C 1 7 G 1 . 6 n a s - 3  7 - 1 .1 7 A s ta c in  p r o t e a s e ,  i n v o lv e d  in d i g e s t i o n ,  h a t c h i n g ,  p e p t i d e  
p r o c e s s i n g ,  m o r p h o g e n e s i s  a n d  p a t t e r n  f o r m a t i o n ,  R N A i  l e a d s  
to  m o l t i n g  d e f e c t ,  e x p r e s s e d  f r o m  L 2  to  A
F 4 6 E 1 0 . 9 d y - l l - 0 .7 8 T h i o r e d o x i n - l i k e ,  i n v o lv e d  in c r o s s - l i n k i n g  o f  c u t i c le  
c o m p o n e n t s ,  a f f e c t s  b o d y  s h a p e  a n d  r a y  m o r p h o l o g y ,  e x p r e s s e d  
f r o m  L 2  to  L 4
F 4 1 E 7 . 4 * - 1 .6 8 C o n t a i n s  s i m i l a r i t y  to  O r y z a  s a t i v a  p u t a t i v e  g l y c i n e - r i c h  
p r o t e i n ,  a n d  F 4 1 E 7 . 5 ,  w h i c h  h a s  c o l l a g e n - l i k e  r e p e a t s ,  
e x p r e s s e d  in M ,  E  &  L I
C 3 4 G 6 . 6 a * n o a h - 1 - 0 .9 8 P A N ,  z o n a - p e l l u c i d a - l i k e ,  e n d o g l i n ,  a p p l e - l i k e  d o m a i n s ,  R N A i  
r e s u l t s  in m o l t i n g  d e f e c t s ,  n e m a t o d e - s p e c i f i c ,  n o t  e x p r e s s e d  in 
L I  o r  A
C 3 4 G 6 . 6 b * n o a h - 1 - 1 .1 7 P A N ,  z o n a - p e l l u c i d a - l i k e ,  e n d o g l i n ,  a p p l e - l i k e  d o m a i n s ,  R N A i  
r e s u l t s  in m o l t i n g  d e f e c t s ,  n e m a t o d e - s p e c i f i c ,  n o t  e x p r e s s e d  in 
L I  o r  A
D e f e n c e  a n d  i m m u n i t y  r e la t e d
R 0 9 B 5 . 3 * c n c - 2 - 1 .6 8 C a e N a C i n ,  b a c t e r i o c i n ,  u p - r e g u l a t e d  u p o n  m ic r o b i a l  i n f e c t i o n  , 
e x p r e s s e d  in M
R 0 9 B 5 . 9 c n c - 4 - 1 .3 6 C a e N a C i n ,  b a c t e r i o c i n ,  e x p r e s s e d  in M
C 0 7 A 4 . 2 * - 1 .1 8 D e f e n c e - r e l a t e d  p r o t e i n  c o n t a i n i n g  S C P  d o m a i n ,  p r o b a b l y  a  
s p e r m - c o a t i n g  g l y c o p r o t e i n ,  e x p r e s s e d  in M
F 5 7 H 1 2 . 3 o r a - 1 - 0 .7 2 O n c h o c e r c a  r e l a t e d  a n t i g e n  f a m i l y ,  e x p r e s s e d  in M
C 3 9 E 9 . 8 - 0 .8 3 S i m i l a r  t o  B r u g i a  2 4  k D  s e c r e t e d  p r o t e i n ,  n o t  e x p r e s s e d  in E  o r  
L I
Y 7 0 C 5 C . 2 - 0 .7 7 C U B ,  l ec t in  C - t y p e  d o m a i n s ,  s u g a r  b i n d i n g ,  in s o m e  a n i m a l s  
C - t y p e  l e c t in s  h a v e  b e e n  i d e n t i f i e d  a s  r e c e p t o r s  f o r  r e c o g n i s i n g  
n o n - s e l f  m o l e c u l e s ,  e x p r e s s e d  f r o m  E to  L 2
F 0 8 G 5 . 6 - 1 .6 6 C o n t a i n s  D U F 14 1 ,  a l s o  p r e s e n t  in F 5 5 G 11 .4 ,  w h i c h  h a s  b e e n  
s h o w n  to  b e  u p - r e g u l a t e d  u p o n  in f e c t i o n  w i t h  t h e  b a c t e r i a l .  
m a r c e s c e n s ,  e x p r e s s e d  t h r o u g h o u t  d e v e l o p m e n t
T 0 6 C 1 2 . 1 4 - 1 .1 5 S h T k .  m e t r i d i n - l i k e  S h K  t o x in  d o m a i n s ,  p a r t  o f  p 3 8  M A P  
k i n a s e  p a t h w a y ,  d e f e n c e  a g a i n s t  b a c t e r i a l  p a t h o g e n s ,  e x p r e s s e d  
in M  &  L I
C 3 4 G 6 . 2 - 0 .7 2 S h T k ,  m e t r i d i n - l i k e  S h K ,  t y r o s i n a s e ,  m e t a b o l i s m ,  
o x i d o r e d u c t a s e ,  e x p r e s s e d  in M ,  L 3  a n d  L 4
Z K 9 7 0 . 7 * - 1 .0 6 Flas h o m o l o g y  to  O v - 1 7  a n t i g e n  p r e c u r s o r ,  e x p r e s s e d  in M  &  
L I
R 0 7 C 1 2 .1 - 0 .8 6 7 T M  r e c e p t o r ,  n e m a t o d e - s p e c i f i c ,  u p - r e g u l a t e d  u p o n  b a c t e r i l a  
i n f e c t i o n 4, e x p r e s s e d  in M .  L 2  &  L3
T r a n s p o r t  a n d  m e t a b o l i s m
C 0 2 E 7 .1  * - 1 .9 6 N a ’/ K  A T P a s e  a l p h a  s u b u n i t ,  c a t i o n  t r a n s p o r t ,  m e t a b o l i s m ,  
e x p r e s s e d  in E &  L 4
C 0 9 H 5 . 2 a - 1 .0 9 N a  / K  A T P a s e ,  c a t i o n  t r a n s p o r t ,  m e t a b o l i s m ,  e x p r e s s e d  in M , 
L3 &  L 4
F 5 3 A 9 . 7 - 0 .9 0 S i m i l a r  to  S . c e r e v i s i a e  c a t i o n  d i f f u s i o n  f a c i l i t a t o r  p r o t e i n ,  
e x p r e s s e d  in M
Y 3 9 A 1 A . 1 9 f m o - 1 - 0 .9 8 M o n o - o x y g e n a s e  a c t i v i t y ,  e l e c t r o n  t r a n s p o r t
T 0 8 A 9 . 2 - 0 .8 7 T r a n s t h y r e t i n - l i k e ,  t r a n s p o r t  p r o t e i n  in e x t r a c e l l u l a r  f l u id s ,  
d i s t r i b u t e s  t w o  t h y r o i d  h o r m o n e s
T 0 7 C 4 . 5 * - 1 .1 2 S i m i l a r  to  t r a n s t h y r e t i n - l i k e  f a m i l y ,  e x p r e s s e d  in M  &  A
C 1 0 G 8 . 5 c n c x - 2 - 0 .7 9 M e m b e r  o f N a V C a "  e x c h a n g e r ,  n o t  e x p r e s s e d  in E
F 5 8 E 1 . 6 n h .x -6 - 1 .2 9 N a / H  e x c h a n g e r ,  r e g u l a t o r  o f  p H ,  e x p r e s s e d  in E  &  LI
T 0 2 G 5 . 8 k a l - 1 - 1 .0 6 3 - k e t o a c y l - C o A  t h io l a s e ,  i n v o lv e d  in p e r o x i s o m a l  B - o x i d a t i o n ,  
e n h a n c e s  i n c r e a s e d  l ip id  a c c u m u l a t i o n ,  e x p r e s s e d  f r o m  L 2  to  A
C 4 5 B 2 . 8 * - 1 .3 8 S i m i l a r  to  P y r o c o c c u s  N A D H  o x i d a s e
Y 4 8 E 1 B . 1 0 g s t - 2 0 - 0 .8 5 G l u t a t h i o n e  S - t r a n s f e r a s e ,  n o t  e x p r e s s e d  in A
F 5 9 B 8 . 2 - 0 .6 3 N A D H - d e p e n d e n t  i s o c i t r a t e  d e h y d r o g e n a s e ,  c a r b o h y d r a t e  
m e t a b o l i s m ,  e x p r e s s e d  f r o m  L I  to  A
F 1 5 B 9 .1 f a r - 3 - 2 .1 9 F a t ty  a c id  r e t i n o i d  b i n d i n g ,  e x p r e s s e d  in M
F 5 6 D 1 . 5 d h s - 5 - 1 .1 6 P o s s i b l e  s t e r o id  d e h y d r o g e n a s e ,  e x p r e s s e d  in L 4  &  A
F 4 5 D 3 . 4 -1 .31 S i m i l a r  to  B r a d y r h i z o b i u m  j a p o n i c u m  g l u c o s a m i n e - f r u c t o s e - 6 -  
p h o s p h a t e  a m i n o  t r a n s f e r a s e ,  e x p r e s s e d  in M
Y 3 9 F 1 0 B . 1 - 0 .8 0 C 2  C a “7 l i p i d - b i n d i n g  d o m a i n
S i g n a l l i n g
F 2 5 D 7 . 2 * - 1 .3 2 M e m b r a n e - a s s o c i a t e d  E R  p r o t e i n  i n v o lv e d  in s t r e s s  r e s p o n s e ,  
c o n t a i n s  u b i q u i t i n  d o m a i n ,  i n v o l v e d  in s i g n a l l i n g ?  N o t  
e x p r e s s e d  in LI
Z K 6 8 8 . 5 - 0 .6 4 U b i q u i t i n  a n d  D e a t h  d o m a i n s ,  s i g n a l  t r a n s d u c t i o n ,  e x p r e s s e d  
t h r o u g h o u t  d e v e l o p m e n t
B 0 2 1 3 . 3 n l p - 2 8 - 0 .9 9 N e u r o p e p t i d e  l ik e
B 0 2 1 3 . 9 s t r - 2 4 7 - 1 .3 5 7 T M  r e c e p t o r ,  p r o b a b l y  o l f a c t o r y ,  n e m a t o d e - s p e c i f i c ,  
e x p r e s s e d  in M ,  L I  &  L 4
K 1 1 D 1 2 . 3 s r r - 4 - 0 .8 6 S e r p e n t i n e  r e c e p t o r  c la s s ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  
t h r o u g h o u t  d e v e l o p m e n t
F 4 4 F 4 .4 p t r - 8 - 0 .9 0 P a t c h e d  s u p e r f a m i l y ,  h e d g e h o g  r e c e p t o r  a c t i v i t y ,  e x p r e s s e d  in 
M ,  L \ , L 4  &  A
RI  0 7 . 4 a -1 .41 T y r o s i n e  p r o t e i n  k i n a s e ,  a b n o r m a l  f a t  c o n te n t ,  n o t  e x p r e s s e d  in 
M  o r  L 3
F 3 0 A 1 0 . 3 - 1 .2 2 In o s i to l  p o l y p h o s p h a t e  k i n a s e ,  e x p r e s s e d  in E , L 4  &  A
M l  1 0 .5 c d a b - 1 - 1 .4 9 P h o s p h o t y r o s i n e  i n t e r a c t i o n  d o m a i n ,  e x p r e s s e d  f r o m  L3 to  A
E 0 4 F 6 . 8 * - 2 .0 4 S i m i l a r  to  X e n o p u s  N e u r o m e d i n  B p r e c u r s o r  i n v o lv e d  in 
p e p t i d e  h o r m o n e  s i g n a l l i n g
P r o t e o l y s i s  a n d  n e p t i d o l y s i s
F 4 4 C 4 . 3 * c p r - 4 - 0 .8 8 C a t h e p s i n  B - l i k e  p r o t e a s e ,  n o t  e x p r e s s e d  in E
F 5 3 A 9 . 2 - 0 .7 5 P e p t i d a s e  M ,  m e t a l l o p r o t e a s e ,  e x p r e s s e d  in M ,  L I  &  A
W 0 9 D I 2 . 1 - 0 .7 4 Z in c  m e t a l l o p e p t i d a s e ,  e x p r e s s e d  in M  &  L 4
K 0 8 B 4 . 6 * c l i - 2 - 1 .2 9 C y s t a t i n - l i k e  p r o t e a s e  i n h ib i t o r
W 0 1 F 3 . 2 * - 1 .4 2 S i m i l a r  to  m e t a l l o p r o t e i n a s e ,  e x p r e s s e d  in M
N u c l e i c  a c id  b i n d i n g
T 2 3 G 4 .1 d p - l - 0 .7 6 T - l i n e a g e  d e f e c t ,  l e p t o d e r a n  t a i l ,  n u c l e i c  a n d  z in c  ion  b i n d i n g ,  
e x p r e s s e d  in M
Y 4 1 E 3 . 1 6 - 1 .4 7 D N A - b i n d i n g  S A P
F 2 2 A 3 .1 - 0 .8 4 R e g u l a t i o n  o f  t r a n s c r i p t i o n ,  D N A  b i n d i n g ,  T F  a c t i v i t y
F 1 2 E 1 2 . 4 * - 1 .7 7 C o n t a i n s  B T B / P D Z  d o m a i n ,  p r o t e i n  b i n d i n g
F 5 3 B 3 . 6 - 0 .7 0 Z i n c  f i n g e r  p r o t e i n ,  e x p r e s s e d  in M ,  L 2  to  L 4
Z K 9 7 3 . 2 - 1 .1 6 C h r o m a t i n  a s s e m b l y
U n c l a s s i f i e d  a n d  o r p h a n  g e n e s
F 5 3 A 9 . 8 * - 1 .9 6 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M
T 0 4 F 8 . 8 * - 1 .1 3 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in L 3  &  A
F 4 8 C 1 . 8 * - 1 .6 6 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  in M
F 2 2 B 7 . 4 * - 2 .0 0 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M
F 4 5 E 4 . 5 * -0 .8 5 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in L I
F 4 1 E 7 . 8 - 0 .9 6 U n k n o w n  f u n c t i o n ,  n o t  e x p r e s s e d  in E o r  L 2
C 1 7 B 7 . 9 - 0 .8 8 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in E &  L I
Y 6 9 H 2 . 3 a -1 .11 T r y p s i n  i n h ib i t o r  l ik e  c y s t e i n e  r i c h  d o m a i n ,  E G F - l i k e ,  n o t  
e x p r e s s e d  in E
Y 6 9 H 2 . 3 b * - 0 .8 2 T r y p s i n  i n h ib i t o r  l ik e  c y s t e i n e  r i c h  d o m a i n ,  n o t  e x p r e s s e d  in E
Y 6 9 H 2 . 3 d - 1 .5 7 F ib r i l l in  a n d  r e l a t e d  p r o t e i n ,  n o t  e x p r e s s e d  in E
C l  7 B 7 . 2 * - 1 .1 5 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M
F 3 6 A 4 . 3 - 1 .0 0 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M  &  L 4
Y 3 9 C 1 2 A . 1 - 0 .5 6 U n k n o w n  f u n c t i o n
F 4 2 C 5 . 1 0 - 0 .8 5 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M  &  L3
C 1 0 G 8 . 8 a - 0 .8 2 P o s s i b l e  e g g s h e l l  p r o t e i n ,  e x p r e s s e d  f r o m  L I  to  L 4
Y 4 8 A 6 C . 2 - 1 .5 6 P r e d i c t e d  p s e u d o g e n e
C 1 2 D 5 . 5 - 0 .7 9 S i m i l a r i t y  t o  Arabidopsis v a c o u l a r  a s s e m b l y  p r o t e i n ,  V P S 4 1 ,  
e x p r e s s e d  in M ,  L 2  &  A
Y 5 8 A 7 A . 2 * - 1 .7 6 U n k n o w n  f u n c t i o n
C 5 0 F 7 . 5 - 0 .7 5 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M ,  L 2  &  L 4
F 4 8 C 1 . 9 - 1 .1 2 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c
T 0 8 A 9 . 1 1 * - 1 .6 4 U n k n o w n  f u n c t i o n
M 0 2 E 1  . l b - 1 .0 4 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in L2
K 0 9 D 9 .1 - 0 .5 7 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M , L I ,  L 2  &  L 4
F 2 1 H 7 . 3 - 0 .7 4 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M  &  f r o m  E to  L 2
C 2 9 H 1 2 . 6 - 1 .0 0 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  t h r o u g h o u t  d e v e l o p m e n t
Information obtained from Wormbase WS158 (www.wormbase.org). "Information obtained 
from Jiang et al., (2001) where expression represents developmental stage at which gene is 
enriched. ’Mallo et al., (2002), 40'Rourke et al., (2006). Log ratios are based the 
log2(red/green), where red is the signal produced by Cy5 fluorescence and green is the signal 
produced by Cy3 fluorescence for a given gene.. A, adult hermaphrodite; E, egg; M, male; TM, 
transmembrane; ER, endoplasmic-reticulum; TF, transcription factor; DUF, domain of unknown 
function. *genes identified as down-regulated in all four biological repeats.
Table 10.3. Genes identified as being down-regulated in mlt-12(RNAi) worms.
G e n e N a m e A v e r a g e  
L o g  R a t i o
P r e d i c t e d  f u n c t i o n 1 a n d  e x p r e s s i o n  i n f o r m a t i o n 2
C u t i c l e  a n d  a s s o c i a t e d  p r o t e i n s
Z K 1 193.1 c o l - 1 9 1 .37 C o l l a g e n ,  r e q u i r e d  f o r  n o r m a l  a l a e  s t r u c tu r e ,  e x p r e s s e d  in L 4  
&  A
T 0 6 E 4 . 6 c o l - 1 4 6 0 .9 3 C o l l a g e n ,  e x p r e s s e d  f r o m  L 3  to  A
C 5 3 B 4 . 5 c o l - 1 1 9 1.23 C o l l a g e n ,  e x p r e s s e d  in M ,  L 4  &  A
M e t a b o l i s m
F 5 9 B 8 . 2 * 0 .9 5 I s o c i t r a t e  d e h y d r o g e n a s e ,  c a r b o h y d r a t e  m e t a b o l i s m ,  
e x p r e s s e d  t h r o u g h o u t  d e v e l o p m e n t
F 0 8 F 3 . 2 a c t - 6 1.25 P h o s p h o l i p i d / g l y c e r o l  a c y l t r a n s f e r a s e ,  e x p r e s s e d  in L 2 ,  L 4  
a n d  A
S i g n a l l i n g
Y 1 8 D 1 0 A . 7 p t r - 1 7 1 .69 P a t c h e d  r e l a t e d  f a m i l y ,  s t e r o l  s e n s i n g  5 T M  b o x ,  h e d g e h o g  
r e c e p t o r  a c t i v i t y ,  e x p r e s s e d  in L 2  a n d  L 4
T 0 3 E 6 . 5 s r h - 2 6 9 2 . 1 7 S e r p e n t i n e  r e c e p to r ,  p r o b a b l y  o l f a c t o r y  G - p r o t e i n  c o u p l e d ,  
e x p r e s s e d  in L 2
Y 4 0 B 1 0 A . 8 n h r - 8 6 1.07 N u c l e a r  h o r m o n e  r e c e p t o r ,  s t e r o id  h o r m o n e  r e c e p t o r
C 2 8 D 4 . 9 n h r - 1 3 8 0 .9 5 N u c l e a r  h o r m o n e  r e c e p t o r ,  s t e r o id  h o r m o n e  r e c e p t o r
P r o t e o l y s i s  a n d l e p t i d o l y s i s
F 2 I F 8 . 4 1 .07 A s p a r t y l  p r o t e a s e ,  e x p r e s s e d  f r o m  L I  to  A
F 3 8 E 9 . 2 m s - 3  9 1 .03 A s ta c in  p r o t e a s e
N u c l e i c  a c i d  b i n d i n g
Y 1 0 8 F 1 . 2 1.28 R N A - d e p e n d e n t  D N A  p o l y m e r a s e ,  R N A  b i n d i n g
C 2 6 E 6 . 9 b s e t - 2 1.34 S E T ( t r i t h o r a x / p o l y c o m b )  d o m a i n ,  h i s t o n e  m e t h y l t r a n s f e r a s e  
c o m p l e x ,  R N A  b i n d i n g  r e g i o n ,  e x p r e s s e d  t h r o u g h o u t  
d e v e l o p m e n t
T 2 3 G 4 . 1 t lp - 1 1 .1 5 N u c l e i c  a n d  z in c  ion  b i n d i n g ,  e x p r e s s e d  in M
F 3 3 E 1  1.5 2 . 2 9 R e g u l a t o r  o f  t r a n s c r i p t i o n .  D N A  b i n d i n g ,  T F
P r o t e in  b i o s y n t h e s i s
F 5 3 G 1 2 . 1 0 r p l - 7 1 .76 R i b o s o m a l  p r o t e i n ,  e x p r e s s e d  f r o m  L I  to  A
Y 4 8 G 8 A L . 8 b r p l - 1 7 1 .22 R i b o s o m a l  p r o t e i n ,  l a r g e  s u b u n i t
U n c l a s s i f i e d  a n t o r p h a n  g e n e s
M 0 3 F 4 . 2 b a c t - 4 1 .29 A c t in ,  c y t o s k e l e t a l  p r o t e i n ,  e x p r e s s e d  t h r o u g h o u t  
d e v e l o p m e n t
F 5 6 A 3 . 4 s p d - 5 0 .9 2 S p i n d l e  d e f e c t i v e ,  e x p r e s s e d  in E ,  a n d  f r o m  L 2  to  A
T 0 4 G 9 . 5 1 .10 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  f r o m  E to  A
Z K 6 . 1 0 d o d - 1 9 1.03 R e g u l a t e d  b y  D A F - 1 6 ,  i n v o lv e d  in l i f e s p a n
R 1 0 D 1 2 . 7 1 .34 U n k n o w n  f u n c t i o n
C 5 4 G 6 . 5 s p p - 1 7 1 .37 S a P o s i n  l ik e ,  a n t i b a c t e r i a l  a c t i v i t y
T 2 3 B 1 2 . 4 * 1 .26 G l u c o s e  r e p r e s s i b l e  p r o t e i n ,  n o t  e x p r e s s e d  in E  o r  L 4
C 0 8 G 5 . 2 0 .9 5 F - b o x  d o m a i n ,  n e m a t o d e - s p e c i f i c ,  n o t  e x p r e s s e d  in L3 o r  A
Y 6 7 D 8 C . 8 1.01 U n k n o w n  f u n c t i o n
F 4 3 C 1 1.3 1 .06 U n k n o w n  f u n c t i o n
T 2 6 C 1 1.3 0 .8 5 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c
F 2 3 A 7 . 4 1.13 U n k n o w n  f u n c t i o n
'information obtained from Wormbase WS158 (www.worrnbase.org). "Information obtained 
from Jiang et al., (2001) where expression represents developmental stage at which gene is 
enriched. Log ratios are based on the log2(red/green), where red is the signal produced by Cy5 
fluorescence and green is the signal produced by Cy3 fluorescence. A, adult hermaphrodite; E, 
egg; M, male; TM, transmembrane domain; TF, transcription factor. *genes identified as down- 
regulated in all four biological repeats. Red, genes chosen for RNAi analysis.
Table 10.4. Genes identified as being up-regulated in mlt-12(RNAi) worms.
G e n e N a m e A v e r a g e  
l o g  r a t io
P r e d i c t e d  f u n c t i o n 1 a n d  e x p r e s s i o n  i n f o r m a t i o n 2
D e f e n c e  a n d  i m m u n i t y  r e la t e d
R 0 9 B 5 . 9 * cn c -4 - 2 .2 7 C e N a C i n ,  b a c t e r i o c i n ,  u p - r e g u l a t e d  u p o n  m ic r o b i a l  
i n f e c t i o n ,  e x p r e s s e d  in M
R 0 9 B 5 . 3 * cn c -2 - 1 .5 8 C e N a C i n ,  b a c t e r i o c i n  u p - r e g u l a t e d  u p o n  m i c r o b i a l  
i n f e c t i o n ’, e x p r e s s e d  in M
Y 4 6 E 1 2 A . 1 cn c -6 - 0 .9 8 C e N a C i n ,  b a c t e r i o c i n  u p - r e g u l a t e d  u p o n  m i c r o b i a l  
i n f e c t i o n
B 0 2 1 3 . 6 * n ip -31 - 2 .4 7 N e u r o p e p t i d e - l i k e  p r o t e i n ,  a n t i m i c r o b i a l  a c t i v i t y ,  
e x p r e s s e d  in h y p o d e r m i s ,  e x p r e s s e d  in M
B 0 2 1 3 . 3 n ip -2 8 - 1 .9 4 N e u r o p e p t i d e - l i k e ,  u p - r e g u l a t e d  u p o n  f u n g a l  in f e c t i o n ,  
e x p r e s s e d  in M
T 0 5 B 4 . 8 -1 .71 S h T k ,  m e t r i d i n  l ik e  S h k  t o x in  d o m a i n ,  i n v o l v e d  in 
p 3 8 M A P  k i n a s e  p a t h w a y  a n d  d e f e n c e  a g a i n s t  b a c t e r i a l  
p a t h o g e n s ,  n o t  e x p r e s s e d  in L I  o r  L3
F 5 7 H 1 2 . 3 * o ra-1 - 1 .7 4 M e m b e r  o f  O n c h o c e r c a  r e la te d  a n t i g e n  f a m i l y ,  e x p r e s s e d  
in M
Z K 9 7 0 . 7 - 1 .2 4 O v - 1 7  a n t i g e n  p r e c u r s o r ,  e x p r e s s e d  in M  &  L I
F 4 9 E 1 1 .1 0 * - 1 .4 7 D e f e n c e - r e l a t e d  p r o t e i n ,  c o n t a i n s  S C P  d o m a i n ,  e x p r e s s e d  
in M
T r a n s p o r t  a n d  m e t a b o l i s m
F 2 8 F 8 .2 a cs -2 - 1 .1 2 L o n g  c h a i n  fa tty ' a c id  C o A  s y n t h e t a s e  l ig a s e ,  e x p r e s s e d  in 
M
C 0 9 H 5 . 2 a - 1 .1 8 N a  / K  A T P a s e ,  c a t i o n  t r a n s p o r t ,  m e t a b o l i s m ,  e x p r e s s e d  in 
M .  L 3  &  L 4
Y 3 7 A l C . l b - 1 .2 9 A m i n o  a c id  p e r m e a s e ,  t r a n s p o r t ,  e x p r e s s e d  t h r o u g h o u t  
d e v e l o p m e n t
V F 1 3 D 1 2 L . 1  * - 2 .3 7 M y o - i n i s i t o l - 1 - p h o s p h a t e  s y n t h a s e ,  m y o - i n o s i t o l  a n d  
p h o s p h o l i p i d  b i o s y n t h e s i s ,  e x p r e s s e d  t h r o u g h o u t  
d e v e l o p m e n t
F 2 0 C 5 . 5 - 1 .8 3 A l d o / k e t o  r e d u c t a s e ,  e x p r e s s e d  f r o m  E to  L 2
P r o t e o l y s i s  a n d p e p t i d o l y s i s
K 1 1 G 1 2 . 1 n a s - 1 1 - 1 .0 5 A s ta c in  p r o t e a s e ,  n o t  e x p r e s s e d  in E
Z K 9 7 0 .1 - 1 .0 4 N e p r i l y s i n  ( n e u t r a l  e n d o p e p t i d a s e )  a c t i v i t y ,  in m a m m a l s  
m a i n  f u n c t i o n  is h y d r o l y s i s  o f  s m a l l  n e u r o p e p t i d e s  a n d  c e l l  
s u r f a c e  l e a d i n g  to  t e r m i n a t i o n  o f  s i g n a l s  b e t w e e n  n e u r o n s ,  
n o t  e x p r e s s e d  in E, L 3  o r  A
W 0 1 F 3 . 2 - 0 .9 6 S i m i l a r i t y  t o  m e t a l l o p r o t e i n a s e  p r o t e i n s ,  e x p r e s s e d  in M
K 0 8 B 4 . 6 c li-2 - 1 .1 2 C y s t e i n e  p r o t e a s e  i n h ib i t o r
S i g n a l l i n g
F 1 7 A 2 . 1 2 s rd -4 0 -1 .61 S e r p e n t i n e  c l a s s  r e c e p t o r ,  n o t  e x p r e s s e d  in L 3 ,  L 4  o r  A
T 2 6 H 2 . 6 s tr -8 1 - 0 .9 8 7 T M  c h e m o r e c e p t o r ,  p r o b a b l y  o l f a c t o r y ,  n e m a t o d e -  
s p e c i f i c ,  n o t  e x p r e s s e d  f r o m  L I  to  L3
B 0 2 1 3 . 5 * n ip -3 0 - 1 .5 8 N e u r o p e p t i d e - l i k e  p r o t e i n ,  e x p r e s s e d  in M
B 0 2 1 3 . 2 * n lp -2  7 - 1 .3 4 N e u r o p e p t i d e - l i k e  p r o t e i n ,  e x p r e s s e d  in M  &  A
B 0 2 1 3 . 1 7 * n ip -3 4 - 3 .0 3 N e u r o p e p t i d e - l i k e  p r o t e i n
C 0 7 G 1 . 3 c p c t - l - 1 .0 8 P r o t e in  k i n a s e ,  e x p r e s s e d  in L 2  &  L 4
R 0 6 F 6 . 5 a n p p -1 9 - 1 .0 7 M e m b e r  o f  n u c l e a r  p o r e  c o m p l e x ,  m e d i a t e s  
c o m m u n i c a t i o n  b e t w e e n  n u c l e u s  a n d  c y t o p l a s m ,  e x p r e s s e d  
in E a n d  f r o m  L 2  to  L4
C 1 7 C 3 . 4 in s - 11 - 0 .8 2 I n s u l i n - l i k e  p e p t i d e ,  h o r m o n e  a c t i v i t y ,  e x p r e s s e d  in M
N u c l e i c  a c i d  b i n d i n g
F 3 2 B 4 . 4 - 1 .0 8 R N A  r e c o g n i t i o n  m o t i f ,  e x p r e s s e d  in L 4
C 4 6 H 1 1.6 - 1 .0 0 P D Z  d o m a i n ,  e x p r e s s e d  in M ,  L I  &  L 4
Y 1 0 8 G 3 A L . 2 * - 2 .9 7 P u t a t i v e  R N A - b i n d i n g  p r o t e i n
U n c l a s s i f i e d  a n d  o r p h a n  g e n e s
B 0 0 2 4 . 1 4 c - 1 .3 9 C y s t e i n e  r i c h  m o t o r  n e u r o n  p r o t e i n  h o m o l o g u e ,  e x p r e s s e d  
in M a n d  f r o m  L I  to  L 2
Y 6 9 H 2 . 3 d - 1 .3 4 F ib r i l l in  a n d  r e l a t e d  p r o t e i n  c o n t a i n i n g  E G F - l i k e  d o m a i n
W 0 8 G 1 1.1 - 1 .0 3 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  in M ,  E , 
L2 &  L 4
C 4 2 D 4 . 1 -1 .01 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  in M  &  
L4
C 4 2 D 4 . 3 - 1 .6 2 F i b r o n e c t i n ,  e x p r e s s e d  in L I ,  L3 &  L 4
F 5 2 H 3 . 5 - 1 .1 8 C o n t a i n s  t e t r a t r i o p e p t i d e  r e p e a t  d o m a i n ,  e x p r e s s e d  in L 2  &  
A
C 0 2 F 1 2 . 8 - 1 .5 9 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M  &  L 4
F 5 3 B 6 . 9 - 1 .7 4 U n k n o w n  f u n c t i o n
T 2 4 B 8 . 3 * -1.1  1 U n k n o w n  f u n c t i o n
C 5 0 F 7 . 5 * - 2 .0 2 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M . L 2  &  L 4
F 4 8 C 1 . 9 - 1 .8 3 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c
C 4 5 B 2 . 2 - 1 .1 5 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  in M  &  
f r o m  L I  to  L 4
C 4 5 B 2 . 8 - 1 .2 4 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c
K 0 I G 5 . 8 b - 1 .4 3 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  f r o m  E 
to  L3 &  A
F 4 8 C 1 . 8 - 1 .1 5 U n k n o w n  f u n c t i o n
C 2 9 H 1 2 . 6 - 1 .3 8 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  
t h r o u g h o u t  d e v e l o p m e n t
F 5 3 A 9 . 8 * - 1 .2 0 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M
Z C 3 2 8 . 1 * - 1 .0 6 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  n o t  e x p r e s s e d  in LI 
o r  A
T 0 8 A 9 . 1 1 - 1 .0 8 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c
F 0 7 H 5 . 1 3 * - 2 .0 2 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c
F 5 3 A 9 . 7 * - 1 .1 6 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M
C 0 3 A 3 . 1 - 2 .1 8 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  n o t  e x p r e s s e d  in L 4  
o r  A
M l  7 6 .4 - 1 .0 6 U n k n o w n  f u n c t i o n ,  n o t  e x p r e s s e d  in E  o r  L 4
F 3 0 A 1 0 . 2 * - 1 .9 2 U n k n o w n  f u n c t i o n ,  n e m a t o d e - s p e c i f i c ,  e x p r e s s e d  in E  &  
f r o m  L 2  to  L 4
F 4 1 E 7 . 4 - 1 .3 7 U n k n o w n  f u n c t i o n ,  e x p r e s s e d  in M ,  E  &  LI
I n f o r m a t i o n  o D ta in e d  f r o m W o r m b a s e W S 1 5 8  ( w w w . w o r m b a s e . o r g ). " I n f o r m a t i o n  o b t a i n e d
from Jiang et al., (2001) where expression represents developmental stage at which gene is 
enriched. 3Mallo et al., (2002), 40 ’Rourke et al., (2006). Log ratios are based the 
log2(red/green), where red is the signal produced by Cy5 fluorescence and green is the signal 
produced by Cy3 fluorescence for a given gene.. A, adult hermaphrodite; E, egg; M, male; TM, 
transmembrane; ER, endoplasmic-reticulum; TF, transcription factor; DUF, domain of unknown 
function. *genes identified as down-regulated in all four biological repeats.
APPENDIX D
Identification and cloning ofB.  malayi and H. contortus
homologues
11.1. Identification and cloning of ZC328.1 parasitic homologues
11.1.1. Attempted cloning of a Haemonchus contortus homologue
At the commencement of this study, very little sequencing and EST information 
was available for many nematode species. The protein encoded by ZC328.1 had 
homology to only a number of species. These were C. briggsae and the two plant 
parasitic nematodes, Meloidogyne javanica and Heterodera glycines. In an attempt to 
identify potential homologues in the gastrointestinal nematode, Haemonchus contortus, 
degenerate oligonucleotides were designed based on the protein alignment of ZC328.1 
and its known homologues (Figure 11.1 and Table 11.1). The C. elegans codon bias was 
used in addition to the nucleic acid alignments for the relevant proteins.
Using every combination of degenerate oligonucleotides, in addition to oligonucleotides 
that are specific for C. elegans ZC328.1, a number of RT-PCR reactions were carried 
out using total RNA extracted from H. contortus eggs, LI, L2, infective L3, adults and a 
combination of all [Chapter 2.2.3]. The H. contortus genome is AT rich, therefore 
oligonucleotide annealing temperatures ranging from 40°C -  50°C were used. 
Amplicons of the approximate size were obtained on several occasions, but sequence 
analysis of these products revealed they were not specific, i.e. the nucleic acid sequence 
when translated in silico did not contain homology to C. elegans ZC328.1. An example 
of one such product obtained with C. elegans specific oligonucleotides, is shown in 
Figure 11.2 Lane 2. Sequence analysis of this product revealed similarity to the C. 
elegans protein H22K11.1.
In parallel, mixed-stage H. contortus cDNA libraries were generated using the BD 
Smart RACE (Rapid Amplification of cDNA Ends) and Marathon RACE kits as per
157
1 10 20 30 40 50 60 70 80 90 100 110 120 130
I ---------------♦ ------------------- + --------------------♦ ------------------- + --------------------♦ ----------------------- + ----------------- - + ----------------- + -----------------------+ --------------------+ --------------------+ --------------------+ ------------------- 1
Ce HPNDRVRPLPPNFVYSPHOKFYYflPflTCNSMHYTTRSYISRFIEFLVtlGTGRICFYVMSHKSDSIGKULFYIQflGITVLSLL ISRLriflFGLMKfNPtIMLGSKLIO IEFIXCFLLIMRVISIVCMRFGIQF 
Cb MPHOKVSPLPPNYIFSPMOKFYYRPRTCNSIIHYTTRflYISflFVEFVVHGTGRICFYVtlSHKTDTIDKULFYLQRLITVFSVITSLLriTVGMRKEKPOLFSPKLRi ITLEIGFllFMfiGISVLCMSIGIOF 
Mj URPLLLSHXLCIRG-lXVIttlYGIKTEQPQLLMPQIYFLKLEIXU LRGHVFSISSHCLGHFS
Hg VGVMRPLLVRSVLCIflIGXTISnIYGIRHEQPl) -------- IYFLKVEICLLdfiGRVFSISCrtCHGIEfl
Consensus ............................................... .............................................................................................. ... . g . M a p l l . a .  ! lc ia . . T t . . l t t y G i r . E q P Q ........... iy F X k .e lc lL F a g R v fS Is c H c .G ii.
131 140 150 160 170 180 190 20002
Ce 1RQVFGIF GKVHRIEQDYGPIHPFNIRVVSFFTflfllfllMTRIIIQGRHOYLYOKflYFROKQNVELRESSKTR 
Cb IRSfli GHt GRVLqiEKDYGPIHPFMVHVVSFFTHRIRIUTRIIVQGRCOYLLnKEYFSSKQNVELRERSKSR 
Hj TH-IFSHFVKVNKHEQVRGPIHPFNIRILSFSGRRLGIUFOVIVHGCYDYLLDKEYFSOTSH 
Hg IHLIF S-I ISVPQH1 LHFGPIMPFKLRIHCLF
Consensus T . . iF s .F . .V .q n E . . .G P IR P F n . f l ! . s f f . a a . . i u . . . i . . g . . d y l . d k . y F . . . . n . .......... ..
Figure 11.1. Multiple alignment of the ZC328.1 putative protein and known parasitic 
homologues. Ce, C. elegans ZC328.1 protein; Cb, C. briggsae (CBG12615); Mj, Meloidogyne 
javanica (BE578004); Hg, Meter oder a glycines (CB824616). Alignment produced by MultAlin. 
Underlined regions indicate where subsequent degenerate oligonucleotides were designed 
(Table 9.1). Red denotes regions o f high consensus; Blue denotes region o f low consensus.
Table 11.1. Sequence of degenerate oligonucleotides
Oligonucleotide name Sequence 5’ -  3’
ZC3deg.Ll GTC ATC TCI ITC ITI TGC ATG
ZC3deg.L2 GAR RAI CCI GAR ITI YTY
ZC3deg.L3 GIC ITC TCY RTC IYY  TIY ATG
ZC3deg.L4 GGA ITY TCA RTY IYI YYI ATG
ZC3deg.L5 TTC GGA CCI ATY TGG CC
ZC3deg.Rl YTT YAA 1GG CCA 1AT IGG ICC
ZC3deg.R2 ITT GAA IGG CCA GAT IGG ICC
ZC3deg.R3 ICT TTA TCI IYI AGY TAA TC
ZC3deg.R4 TTC GGA CCI ATY TGG CCI TTY AAT
I, inosine (A/G/C/T); R, purines (A/G); Y, pyrimidines (C/T).
Figure 11.2. Attempted amplification of a H. contortus ZC328.1 homologue using RT- 
PCR. M denotes molecular weight marker (Roche). Lane 1 contains amplicons obtained using 
H. contortus pepsinogen gene-specific oligonucleotides and mixed-stage H. contortus total 
RNA. The highest intensity band represents the product of expected size of ~1.2kb. Lane 2 
contains an amplicon obtained when using the C. elegans ZC328.1 gene-specific 
oligonucleotides and mixed-stage H. contortus total RNA. Lane 3 contains no template. Lane 4 
contains an amplicon obtained when using C. elegans ZC328.1 gene-specific oligonucleotides 
and C. elegans total RNA as template. The highest intensity band represents the product of 
expected size of ~0.6kb.
Figure 11.3. Attempted amplification of a H. contortus ZC328.1 homologue using RACE 
PCR. M denotes molecular weight marker (BioLine). Lane 1 contains amplicons obtained 
using a H. contortus Marathon generated cDNA library. Lane 2 contains amplicons obtained 
using a H. contortus BD Smart RACE 3' cDNA library. Reactions used the universal 
oligonucleotide supplied with each kit and ZC3deg.L5 oligonucleotide (Table 11.1).
manufacturer’s instructions (Clonetech). This resulted in cDNA products that contained 
adaptor linkers at their 5’ and 3’ ends. Combinations of degenerate oligonucleotides 
(Table 11.1) were used under various conditions in an attempt to amplify a H. contortus 
ZC328.1-specific product. Similar to the RT-PCR results, amplicons were obtained, 
cloned and sequenced, but revealed to be non-specific. An example of such products is 
shown in Figure 11.3.
Further, in collaboration with Dr Jody Zawadzki from the Department of Primary 
Industries (DPI), Victoria, attempts were made to amplify a potential H. contortus 
homologue from their collection of H contortus libraries. These, however, were also 
unsuccessful (Dr Jody Zawadzki pers. comm.).
The Wellcome Trust Sanger Institute is currently sequencing the genome of H. 
contortus in collaboration with Dr John Gilleard from the Faculty of Veterinary 
Medicine, University of Glasgow. A large amount of sequencing information was 
deposited in the public database at the end of 2005. These data were queried using the 
ZC328.1 protein against the translated protein database of the sequence reads (tBlastn). 
Three peptides were identified that had moderate to good homology to the protein 
encoded by C. elegans ZC328.1 (Figure 11.4). Based on the nucleic acid sequence of 
these H. contortus peptides, oligonucleotides were designed to amplify the predicted 
product (Table 11.2). Using combinations of these specific oligonucleotides, RT-PCR 
reactions were carried out using total RNA extracted from H. contortus adults and eggs. 
These were unsuccessful, although not surprising considering the expression of C. 
elegans ZC328.1 [Chapter 4.2.3]. In parallel, PCR reactions were carried out using the 
H. contortus mixed-stage cDNA libraries generated previously. A number of products
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Figure 11.4. Protein alignments of two H. contortus putative peptides found to contain 
amino acid identity to C. elegans ZC328.1. (A) The H. contortus peptide, haem-264g05.pl k 
(HcBlast) that contained similarity to the 5’ region o f ZC328.1 N.B. only one H. contortus 
amino acid sequence is shown for the 5' region as the additional peptide, haem-860al7.qik 
contained similarity over the same region. (B) The H. contortus peptide haem-257m03.qlk 
(HcBlast) that contained similarity to the 3' region o f ZC328.1. Red denotes regions o f high 
consensus; Blue denotes region o f low consensus.
Table 11.2. Sequence of H. contortus-specific oligonucleotides
Oligonucleotide name Sequence 5’ -  3’
HcZC3.Ll GCG ATT TTG GAC CTA TTT GG
HcZC3.L2 CTA CCG CCG AAT TTC TGC
HcZC3.Rl TTA GCT TGT ATA TGT GCA TT
HcZC3.R2 GTA CCG GAA ATG GAA CGC GA
were amplified. An example of one such product is shown in Figure 11.5. All products 
obtained were cloned and sequenced. All were found to be non-specific.
11.1.2. Identification and cloning of a Brugia malayi homologue
As discussed above, at the commencement of this study, very little sequencing 
information was available for many nematodes. In 2004, Brugia malayi became the first 
parasitic nematode to have a near completed genome (Ghedin et al. 2004). The Institute 
for Genomic Research (TIGR) maintains several public databases containing B. malayi 
sequencing information (www.tigr.org). The BMAl.pep database, which contains 
translated peptides, was queried using the C. elegans ZC328.1 protein (Blastp). One 
protein was found to contain moderate amino acid identity to ZC328.1 (Figure 11.6). 
Based on the nucleic acid sequence of this peptide, several oligonucleotides were 
designed (Table 11.3). Combinations of these were used in PCRs to probe a B. malayi 
mixed adult cDNA library (kindly provided by Dr Rick Maizels, University of 
Edinburgh). Two products were cloned and sequenced. The nucleic acid sequences for 
each product were translated in silico and used to query the C. elegans genome. The 
products in Lane 1 and Lane 2 of Figure 11.7, when translated in silico, both contained 
amino acid identity to C. elegans ZC328.1. The full-length ORF for this homologue, 
however, remains to be amplified and cloned.
11.2. Identification and cloning of MLT-12 parasitic homologues
11.2.1. Attempted cloning of a H. contortus homologue
Similar to ZC328.1, at the commencement of this study, MLT-12 contained
homology to C. briggsae and a number of plant parasitic nematodes (Figure 11.8).
Based on the nucleic acid sequence of the nematode homologues, a number of
degenerate oligonucleotides were designed (Table 11.4). Using every combination of
degenerate oligonucleotides, in addition to oligonucleotides that are specific for C.
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Figure 11.5. Attempted PCR amplification of a H. contortus ZC328.1 homologue using 
mixed-stage cDNA. Lane 1 shows products obtained using primer pairs HcZC3.Ll/HcZC3.Rl. 
Lane 2 shows product obtained using primer pairs HcZC3.L2/HcZC3.R2. Lane 3 shows 
products obtained using primer pairs HcZC3.Ll/HcZC3.R2. Lane 4 shows products obtained 
using primer pairs HcZC3.L2/HcZC3.Rl. M denotes molecular weight marker (BioLine). On 
this occasion, the highest intensity band (boxed) was excised, cloned and sequenced.
>14990.mO7934 hypothetical protein 
Length - 219
Score 327 (120.2 bits), Expect 5.2e-31, P 5.2c-31 
Identities - 63/184 (34%), Positives - 100/184 (54%)
Query: 12 NFVYSPHDKFYYAPA7CNSMHY77ASYISAFIEFLVMC7CAICFYVMSHKSDSICKWLFY 71
+ F + Y D+FY APA C MHY A« «-E L* ♦ F + ♦ ♦ I WL
Sbjct: 26 SFIYDKDDEFYSAPAFCYLMHYRNAAIFCGILEILLFIIAILIFLRLRLEKEDIRIWLSV 85
Query: 72 IQACI7VLSLL7SALMAFCLWKENPQMLGSKLKFIEFIICFLLIWAVISIVCMAFCIQF7 131
I V ++LT+ LM E P+ ♦ ♦ F+ + L+I A+ SI M* G+Q 7
Sbjct: 86 ILWFLVFAVL77FLMIYCIVAEKPKYIWPLMAFMHIEV7ILIISAIASI7SMSMGLQA7 145
Query: 132 RQVFGIFCKVHRIEQDYCPIWPFNIAWSFF7XXXXXXXXXXXXXXADYLYDKAYFADKQ 191
+4FC+* 4H++E +CPIWPFN+AV+SFF DYL DK YF K
Sbjct: 146 URLFCLYVSIHKLENHFCPIWPFNLAVLSFFCA7WIWSYVIVRCAYDYLLDKEYFMKKL 205
Query: 192 NVEL 195
+ + £  +
Sbjct: 206 SIEM 209
Figure 11.6. Blastp result using C. elegans ZC328.1 putative protein as the Query sequence 
against a B. malayi translated database. The closest ‘hit’ (Sbjct) was the B. malayi 
hypothetical protein, 14990.rn07934.
Table 11.3. Sequence of B. malayi-specific oligonucleotides.
Oligonucleotide name Sequence 5’ -  3’
B m Z C 3 .L l A T G  C C T  T T A  G T G  A G A  A T T  GC
B m Z C 3 .L 2 C TG  G T G  C C G  A A T  T C G  G C A  CG
B m Z C 3 .R l T T A  T G T  AC C  A T T  A A C  A A T  AA
B m Z C 3 .R 2 T A G  A A A  T G T  G G T  G A G  A C C  TG
1 2 3 4
1.0 kh 
0.6 kb
0.2 kb
Figure 11.7. Attempted PCR amplification of a B. mulayi ZC328.1 homologue. M denotes 
molecular weight marker (BioLine). Lane 1 contains products produced using oligonucleotides 
BmZC3.Ll/BmZC3.Rl. Lane 2 contains products produced using oligonucleotides
BmZC3.Ll/BmZC3.R2. Lane 3 contains products produced using oligonucleotides
BmZC3.L2/BmZC3.Rl. Lane 4 contains products produced using oligonucleotides
BmZC3.L2/BmZC3.R2. The highest intensity band (boxed) in each lane was excised, cloned 
and sequenced.
1 1 0  2 0  3 0  4 0  5 0  6 0  70  8 0  9 0  1 0 0  1 1 0  1 2 0  1 3 0
Ce nRRRVLLCLVSLTVRVSRQSLVPNHVSLHEKRKHIEVOSSULOKKQKEVQRVSLDRSNKEKVVLDLLNTQQKFSflSSSGNVRRRETFDGKRRQVQKIGOKGGIRTVDGHKRQLRTKTDGEGEHflLLKRDG
Cb HRRRTLLCLRflLTIflVSHQ-VVPNHVSLNEKRKHIEVDSTMLOKKQKEVQRVRLDRSNKEKVVLOLLNTNQRFSRSSflGNVRRflETFDGKRRQVQKIGDKGGIRTVDGHKRQLRTKTDGEGEHflLLKHDG
H j
R i
Ra
Hb
C o n s e n s u s  . . . . . . . . . . . . . . . . . . .
1 3 1  1 4 0  1 5 0  IGO 1 7 0  1 8 0  1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0  2 5 0  2 6 0
Ce KYELDTVRKGOLKGDPSKTFFFRHHERLHFKLNPHRHNHNTGOGTLSFLDREKNKHGKYRYTISQFGKKTDRTESRDHlVGTDlEOSLFGRRNNKYHCTflETPGVSQCYOflKGHSVGKVV-RDKHr.HTVV
Cb KYELOTVAKGDLKGDPSKTEFERKNERLDFKLNPHAHNNNSGDGTLSFYDKEKDKNGKYRYTISQNGKKTORTLSRDNLIGSELEQSLFGRRNNKYHCTRETPGVSQCYORKGQSVGKVV-RDKNGNTVV
H j
H i
Ra
Hb  RKGLSFKVVVDHETHGNTVV
C o n s e n s u s
Ce
Cb
H j
R i
Ha
Hg
C o n s e n s u s
2 6 1  2 7 0  2 8 0  2 9 0  3 0 0  3 1 0  32 0  3 3 0  3 4 0  3 5 0  3 6 0  3 7 0  38 0  3 9 0
YNDKOVPIGTGSVKQTGPKSYL HVISKN1 E 1RK1 KDVRSRPnCKELl GQECTQP1KI RNPTF SHPSQREGDGTVHI THPDCEDR— GIDVTLPPGVHIHRLRH— KLDVSIQPIGKLRCH— DVHTCGRE 
YHDKDVPIGTGSVKQTGPRSYERVISKHLF1RKI KDVRSRRCCKELTGQE1 R R PIKI RNPTF HHPSQREGDGTLHL FHPDCF DR— G ID ITLPP G VH IH KL RH— KLDVSIQPIGKLRCH— DVRTCGRE
CGRE
RDYERVISKNLFITRLKDRRRGPCCREFTGHDCVEQIKLSNPQFSHPQEROENGHLHLTUPECFORETSIDVTLPPHVHINRLRRETKLDVHIQPIGKLRCHETDVRTCGRE
KLRCMETDVRTCGRE
YNDRDVPIGTGSVRKVGERSYERVISKNLFITRLKDVRRGPCCRELTGEECTEPIKLRNPQF SHPSQRDDNGTTRL TUPDCF DhETSIDVTLPPTVHINRLRM ------------------------------------------------------------
...............................................r #y e a v i s k n l f i . . l k d . r ,  . p c c « e . t g . . c . . , i k l . n p , f s h p . #r # . #g .  .  , l t u p * c f d u . ,  . i d v t . l p p . v h i n r l a n ...............................k l r c n ,  . d v a t c g r e
3 9 1  4 0 0  4 1 0 ^ ^ ^ ! 5 t i  4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  4 9 0  5 0 0  5 1 0  5 2 0
Ce CFYCDUCKESRKLKLLENTEGNLCRRFGERTYRLTVKLCPPPEDPNF THCIRFSKSVUUKUYHQKÜGRVDVMH--KF YERGQTRPELE— KEFFRQIDNPLLüKRFKFRIIGEMLRRNSLUQGSYTPTNS 
Cb CFYCDHCKESRKLKLLENTEGHl CRflTGERTYRLTTKLCPPPEDPNFTHCTRFSKSVHDKnYUQKQGflVDVUH— KFYF RGQTRPE1 E — KEFFRQIDNP1 LGKREKFRIIGEMI R flNSl OQGSYTPTNS 
H j  CYYCDHCRGSRKLKLL ERFDGHI CRRTEERTYRL TTKLCPPPFDPHF TLC TTFTKSVHQKDYUQKFGHLD1HRETKI YERREHRREL E— HEFFSQI DNPl I GKRFKl RTIGFHI HRNS1 OQGSYTPTNS 
H i  CYYCDHCRGSRKLKLLERTOGHLCRRTEERTYRLTTKLCPPPEOPHFTLCTTFTKSVHQKDYHQKEGRLDIHHETKFY
Ha CYYCOHCRGSRKLKLLERTDGNLCRRTEERTYRLTTKLCPPPEDPHETLCTTFTKSVHQKnYUQKEGRLDIHHETKFYERflEHRRELE— HEFFSQLDNPLLGKRFKLRIIGGW SCSTPS-------- TPFGS
Hg ------------------------------------------------------------------------------------------------------------------------------------FTNYUQKQGRIDVWHETKFFERRPNRREHETEKEFFSQLDNPLLGKRFKLRIIGEHLRRNSLDQGSYTPTNS
C o n s e n s u s  c y y c d u c r g s r k l k l l e r t d g n lc r a t e e r t y r l t t k l c p p p e d p n F t l c t t F t k s v u l t k K Y M Q K I I G R lQ !  M H e tK F X e r a .n r a e le .  . .e F F  s q ld n p l lg k a F k la i i g e u la a n s ld q g s y t p b n s
5 2 1  5 3 0  5 4 0  5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0  6 1 0  6 1 6
I ----------------- + -------------------- ♦ -------------------- ♦ ------------------- ♦ - ------------------♦ ---------------------------------------------------------------- + ----------------- - + — ------ 1
Ce ELLEYMVSKRDPDRLLRCQHflVVDYDIEGAKVKTNLLFEHRTTRNSIPNILKOKKCGflFEKLQEDRFQKERHDYKRTSGGGNFLSGLGGFLNTVRG 
Cb ELLEYUVSKRDPDRLLflCQHRVVDYDIEGRKVKTNLLFERRTTRHSIPNILKDKKCGRFEKLQEDRFQKERRDYKRTSGGGHFLSGLGGFLNTVRG 
H j  E U  EFUVSRRRPDRLL RCDHRVIDYELEGSKVKTNVLFEHRTTRGHLPNXFKDKKC
H i
Ha RQLHTYKLSTPITR ILGIKTC TSTPQ TF6LR SCC Y 
Hg ELLEFWVSKRHPDRLLRCE
C o n s e n s u s  e i l e . u v s . r . p d r l l a c . . . . . . . . . . g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 11.8. Multiple alignment of the mit-12 putative protein and known parasitic 
homologues. Ce, C. elegans MLT-12; Cb. C. briggsae (CBG11063); Mj, Meloidogyne javanica 
(BI744651); Hg, Heterodera glycines (CB826325); Mi, M. incognita (BM881935); Ma, M. 
arenaria (BI746208). Alignment produced by MultAlin. Underlined regions indicate where 
subsequent degenerate oligonucleotides were designed (Table 11.4). Red denotes regions o f 
high consensus; Blue denotes region o f low consensus.
Tabic 11.4. Sequence of degenerate oligonucleotides
Oligonucleotide name Sequence 5’ -  3’
C38deg.Ll GTC ATC TCY AAR AAC CTY TTC
C38deg.L2 GCT GTT ATY TCA AAA AAT CTT TTC
C38deg.Rl GAA ICG RTT TCC YAG YAG IGG GAA
C38deg.R2 TTT GAA AGC RTT TCC I AG I AG TGG ATT ATC
1, inosine (A/G/C/T); R, purines (A/G); Y, pyrimidines (C/T).
elegans mit-12, a number of RT-PCR reactions were carried out using total RNA 
extracted from H. contortus eggs, LI, L2. infective L3, adults and a combination of all 
[Chapter 2.2.3]. Products of the approximate size were obtained on several occasions, 
but sequence analysis of these products revealed they were not specific, i.e. the nucleic 
acid sequence when translated in silico did not contain homology to C. elegans MLT- 
12.
In parallel, mixed-stage H. contortus cDNA libraries generated using the BD Smart 
RACE and Marathon RACE kits (Clonetech) were probed. Combinations of degenerate 
oligonucleotides (Table 11.4) were used under various conditions in an attempt to 
amplify a H. contortus mit-12-specific product. Similar to the RT-PCR results, products 
were obtained, cloned and sequenced, but revealed to be non-specific.
In collaboration with Dr Jody Zawadzki from the Department of Primary Industries 
(DPI), Victoria, attempts were made to amplify a potential H. contortus homologue 
from their collection of H. contortus libraries. These, however, were unsuccessful (Dr 
Jody Zawadzki pers. comm.).
As discussed above [Section 11.1.1], a large amount of sequencing information for H  
contortus was deposited in the public database at the end of 2005. These data were 
queried using MLT-12 against the translated protein database of the sequence reads 
(tBlastn). Several peptides were identified that had moderate to good homology to C. 
elegans MLT-12 (Table 11.5). These peptides were aligned against MLT-12 and found 
to have a high level of amino acid identity (Figure 11.9). Oligonucleotides specific for 
this predicted transcript were designed (Table 11.6). Using combinations of these 
oligonucleotides, PCR reactions were carried out using H. contortus mixed-stage cDNA
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Table 11.5. Identity of H. contortus peptides with homology to M LT-12.
Peptide name Expect value
Haem-968dl4.qlk 8.4e-47
Haem-622j 10.pl k 1,4e-44
Haem-486p21 .q lk 5.4e-34
Haem-547i22.qlk 7.6e-34
Haem-395bl0.plk 2.3e-33
Haem-1106il0.plk 3.5e-30
Haem ends6gl0.qlkT7 1.3e-20
Haem-1138j lO.qlk 1.4e-20
Haem-1106d 18.p 1 k 7.5e-19
Haem-1066k 16.q lk 1.6e-10
Haem-953b21 .pi k 2.0e-10
Haem-948e24.ql k 1,2e-07
Haem-325j07.pl k 6.6e-06
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He VRLORSNKEKVILDLLNIQQRf SRSRSGNVRHRElYDGKRROVOK1GOKGGIRTVÜGHKROLRFKEDDSGRHRFLKRDG
Consensus ...................................................................................................................... VaLDRSNKEKV'LÜLLNFQQrFSflSaSGNVRRREFXOGKRRQVQKIGOKGGIflTVDGHKflQLRTKeDdeGrHRlLKRDG
131 140 150 160 170 180 130 200 210 220 230 240 250 2G0
Ce KYELDTVRKG[)LK60PSKTEFERHNERLNFKLNPHflHNNNrGDGTLSFL0RFKNKNGKYflYTISQFGKKTDflTLSflDNLVGTOLEQSLFGRRNNKYHCFRETPGVSQCYDflKGHSVGKVVRDKHGHTVV
He KYOLDTVRSGDFK-UPRK rSFRRTNORFDFKLNPKSHDMNTGTbTIGPNOKEKGKSGHYRYl ITQTGKKFDRTLSRHOIGSEGFRESLFGRRSEKYHCFGGT-----------------------------------------------------VY
Consensus KY*L0TVRRG01K.0PaiaeFaRnN*Rl»FKlNPtiaH*HNTGdGTigFnDrEKnKnGnYRYTlsQTGm0flTLSfldlig*edla«SlFGRRn*KYHCTaeT.............................................................VY
261 270 280 230 300 310 320 330 340 350 360 370 380 330
Ce NDKOVPIGTGSVKQTGPKSYERVISKNLFTRKLKDVRSRPCCKELTGQFrTOPTKLRNPTFSHPSQREGDGTVHLTUPOCFDHGIDVTLPPGVHTNRLRMKLDVSIQPIGKLRCtlDVfiTCGRECFYCDMC
He NEKDVPIGTGSVKKIGPRSYERVISKNtFIRRLKORRSQflfXRFVSGHDCVFfllKl RHP---------------------------------------------------------------PGVHTNKLRhKLDVSIQPIGKFRCHDVRTCGRECFYCOFC
Consensus NIICDVPIGTGSVKqiGPrSYERVISKHEFIflrLKDaRSaaCCrElsGq*Ct*aIKLRHP....................................................... . ..............PGVHIHrLRHKEDVSIQPIGKLRCMOVRTCGRECFYCDfC
331 400 410 420 430 440 450 460 470 480 430 500 510 520
Ce RESRKLKlLEHTFGMLCRfiTGERTYRLTVKLCPPPEDPHFTrtCTflFSKSVUORnYUQRQGRVnVUHKFYERGQTRPFFFKFFFROinHPU GKRFKFRIIGEUl RANSL DQGSYTPTNSELLEYMVSKRD 
He KFSRKLKCLENTDGHLCRRTRERTYRLTVKLCPPPEOPHFTMCSflFSKSVMqKDYUOKQGflvnVUHKFYERGQTRRELEKEFFRQlDMPUr.RRFKLRIVflFULHRNSIOQGSYTPTHSELLEFUVSKRD 
Consensus KESRKLKLLENT»GNLCRRTaFRTYRCFVKLCPPPEDPNFTHCsRFSKSVUQKOYMQKQGRVOVUt1KFYERGQFRaLLEKEFFflUIDNPLLr.KRFKlflI!aFULRRNSLD«GSYTPlNSELLEXHVSKRO
521 530 540 550 560 570 580 530 600 605
Ce PBRLLRCQHRVVOYOIEGRKVRTMLLFERHTTRNSIPNILKDKKCGRFEKLUEDRFOKERRDYRRTSGGGHFLSGLGGFLHTVRG
He PDRLLRC-HRVVDY-IEGRKVKTNVLFERHF----- QIPHILICDKKCRRFERLQEDRFOQERHRFKK
Consensus PORLLflC.HflVVDY.IEGfiKVKTHlLFERflf...qlPNILKDKKCaRFErLQEDRFOqERaaXKr..............................................
Figure 11.9. Protein alignment of H. contortus (He) putative peptides found to contain 
homology to C. elegans (Ce) MLT-12. Alignment created using MultAlin with peptides shown 
in Table 11.5. Red denotes regions o f high consensus; Blue denotes region o f low consensus.
Table 11.6. Sequence of H. contortus-specific oligonucleotides
Oligonucleotide name Sequence 5’ -  3’
HcC38.Ll GTG AGT CCT AGT CCT AGA CA
HcC38.L2 CTT GTG ACC GTC GAC GGT
HcC38.Rl AGT GAT GAT GGG TCA GTT CA
HcC38.R2 TCA GAT TCC TTT CAT CCT GA
libraries generated previously. One product was amplified. This was cloned and 
sequenced, but found to have no homology to MLT-12.
11.2.2. Identification and cloning of a Brugia malayi homologue
As was carried out for ZC328.1 (Section 11.1.2), the BMA1.scaffold database at 
TIGR, which contains assembled nucleic acid sequences for B. malayi, was queried 
using C. elegans mlt-12 (tBlastx) (www.tigr.org). Two clones were identified that 
contained good amino acid identity to MLT-12 when translated (Figure 11.10). B. 
malayi-specific oligonucleotides were designed based on the nucleic acid sequence of 
these clones (Table 11.7). Combinations of these were used in PCR reactions to probe a 
B. malayi mixed adult cDNA library (kindly provided by Dr Rick Maizels, University 
of Edinburgh). One product was amplified. This was cloned and sequenced. The nucleic 
acid sequence for this product was translated in silico and used to query the C. elegans 
genome, but was found to be non-specific. No further attempts were made to amplify 
the B. malayi homologue.
11.3. Conclusions
Several homologues have been identified for both ZC328.1 and MLT-12 across 
the Nematoda. Several molecular techniques were used unsuccessfully to amplify and 
clone a H. contortus homologue of these C. elegans proteins. New oligonucleotides 
could be designed based on information obtained from further sequencing of the H. 
contortus genome. Further, current oligonucleotides could be used to probe H. contortus 
genomic DNA to confirm the presence of these transcripts.
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S c o r e  -  97 ( 3 9 . 2  b i t s ) ,  E x p e c t  "  3 . 9 O - 0 9 ,  Sum P ( 2 )  -  3 . 9 e - 0 9  
I d e n t i t i e s  ■ 2 0 / 6 0  (3 3 % ) ,  P o s i t i v e s  « 3 8 / 6 0  (6 3 % ),  F rame * - 1  /  - 2
Q u e r y :  510 VIIMSVWVQLEIEPFWCFKFCFRWISFKISLCDSIKLVLSISFEQCVLTFAVCFCAELS 331
V 1****** *I ♦ F+ K G  W I F  ♦ + I  ♦ +ISF++C+ ++F V FC L+
S b j e t : 1593 VFIL7LWIKCKIKSFIGCCKICILWI-F*C?SCNRI*CIFAISFQKCMMSFTVFFCFYL? 1417
B.
>7 I C R  A a e m b l v  2 0 6 7 2  l e n g t h :  1 4 2 3  C l o n e  n a m e :  1 3 7 9 9 6 6  
L e n g t h  -  1 4 2 3
P l u s  S t r a n d  H S P s :
S c o r e  « 2 1 4  ( 8 0 . 4  b i t s ) .  E x p e c t  •  9 . 3 o - 2 1 ,  Sum P ( 2 )  ■ 9 . 3 e - 2 1  
I d e n t i t i e s  « 3 9 / 5 5  ( 7 0 % ) ,  P o s i t i v e s  « 4 7 / 5 5  ( 8 5 % ) ,  F r a m e  -  +1 /  - 1
Q u e r y .  6 8 8  AE7PCVSQCYDAy.CHSVCKWADKNCN7WYNDKDVPICTCSVKQTCPKSYEA.VI 8 5 2  
AE7PC*SQCYDA*C SVCKWADK + GNT + +YNDKDVPI 7CSV+-*- SY* I  
S b j e t : 1 0 0 3  AE7PCISQCYDAQCRSVCKWADKSCNTIIYNDKDVPIA7CSVQKINNHSYQVDI 8 3 9
S c o r e  -  112 ( 4 4 . 5  b i t s ) ,  E x p e c t  “  9 . 3 e - 2 1 ,  Sum P ( 2 )  -  9 . 3 e - 2 1  
I d e n t i t i e s  « 2 1 / 3 1  ( 6 7 % ) ,  P o s i t i v e s  “  2 7 / 3 1  ( 8 7 % ) ,  F r a m e  -  +1 /  - 2
Q u e r y :  83 2  KSYEAVISKNLFIAKLKDVRSAPCCKELTGQ 9 24
K ♦ AVISKNLFIAKLKD R + + CC*E*TG+
S b j e t : 96  KLF*AVISKNLFIAKLKDARTSSCCREITCK 4
M i n u s  S t r a n d  H S P s :
S c o r e  •  124 ( 4 8 . 7  b i t s ) .  E x p e c t  « 7 . 4 e - 0 6 ,  Sum P ( 2 )  ■ 7 . 4 e - 0 6  
I d e n t i t i e s  •  3 0 / 4 3  ( 6 9 % ) ,  P o s i t i v e s  •  3 1 / 4 3  ( 7 2 % ) ,  F r a m e  » - 2  /  +3
Q u e r y :  8 1 5  TDPVPICTSLSL*T7VFPFLSATTFPTECPLAS*HWDTPCVSA 6 8 7
T PV IGTSLSL* V P LSATT PT P AS*H + PGVSA 
S b j e t : 8 7 6  TLPVAIC7SLSL*MIVLPDLSATTLPTLRPCAS*HCEIPCVSA 10 0 4
S c o r e  -  77  ( 3 2 . 2  b i t s ) .  E x p e c t  •  0 . 8 7 ,  Sum P ( 2 )  “  0 . 5 8  
I d e n t i t i e s  -  1 9 / 4 1  ( 4 6 % ) ,  P o s i t i v e s  »  2 6 / 4 1  ( 6 3 % ) ,  F r a m e  -  - 1  /  +2
Q u e r y :  8 1 9  LDCSCSNWHILIIVDYSVSILICNNLSNRMSLGVI7LCYSW 6 9 7
L S SN H I L I I V D  S + + L I  N +♦ *L *1 L *W 
S b j e t : 8 7 2  L H 7 S SS N R H IL IIV D D SI7 * L ISY N F7 H 7 7 A L C IIA L * D 7 W  9 9 4
S c o r e  -  65  ( 2 7 . 9  b i t s ) ,  E x p e c t  «  7 . 4 e - 0 6 ,  Sum P ( 2 )  •  7 . 4 O - 0 6  
I d e n t i t i e s  * 1 5 / 2 6  ( 5 7 % ) ,  P o s i t i v e s  -  1 7 / 2 6  ( 6 5 % ) ,  F r a m e  -  - 2  /  *2
Q u e r y :  9 2 0  PVSSLQHCADLTSFNFAMKRFLEITA 8 43
PV S QH SFNFA* +FL I 7 A
S b j e t : 8 PVISRQHDDVRASFNFAINKFLLI7A 85
Figure 11.10. tBlastx results using C. elegans mlt-12 as the Query sequence against a B. 
malayi translated database. The closest ‘hits’ (Sbjct) were the B. malayi clones 1379712 (A) 
and 1379966 (B).
Table 11.7. Sequence of B. malayi-specific oligonucleotides
O l i g o n u c l e o t i d e  n a m e S e q u e n c e  5 ’ -  3 ’
BmC38.Ll TGA TAA GAA TGA TT GAA AAA
BmC38.L2 AAA GCT CAA CTG CGC ACA AA
BmC38.Rl ATC AAT AAT GAT TAT TTG TA
BmC38.R2 GTG TTC ATT TTG ACT TTG TG
